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ABSTRACT
Full wave solutions have been found for plane wave and localized
disturbaﬁcesr_} ijn_the ULF (micropulsation) and ELF frequency ranges.
Slow and fast v:;ave disturbances incident at 5000 km. altitude at the
frequer;des 100, :3.0, 1/3, and 1,/300 cps. were analyzed. A model

ionosphere developed from existing rocket and satellite data for conditions

of midday and midiatitude at sunspot minimum ..as used in the calculations.

The cold pl:ésma;dispersion relation was written conveniently in terms

of the localized diéturbance factor and the ionospheric conductivity
’tensor elements. The localized disturbances were found to produce large
vertical electric figlds in the neutral atmosphere for the incident slow
waves in the micrépulsation range and the incident fast wave at 100 cps.
Localization céugés strong mode coupling in the lower D region and the
coupling coefficiénts are larger than the qurtic roots at 1/300 ¢/s.

Charge exchange of o' and O results in an enhanced Pedersen conductivity
»region which in.éome cases acts as a cavity wall for wave energy storage.
Charge exchange.élso causes s_gmgabsorption at Pcl frequencies in the
range 150-250 km. - The conductivity of the Earth's surface is included and
found to result mgmast total reflection at ground level for all frequencies
considered; Incidé*hf slow mode signals at 3.0 cps. undergo polarization
reversal at 1000 kmiﬁnd then propagat: .ostly in the R mode through

tha ionospiere. At 4006 km. plasma drit: velocities petween 0.1 and

1.0 km”’ sec, aré suffi@_éqt fir the incilont slow waves to excite typical

Pcl and Pe$S greand obserf&éd signals.
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1.0 INTRODUCTION

Variations in the intensity of the geomagnetic field as observed
at the Earth's surface are well known to exist in the frequency range
1 cps. down to around 10_3 cps. These oscillations are referred to as
geomagnetic micropulsations and have been given a morphological
classification by Jacobs et, al. [1964]. It is now generally accepted
that micropulsations as observed on the Earth's surface are caused by
hydromagnetic disturbances generated in the magnetosphere and
propagated along the geomagnetic field lines through the ionosphere
down to ground surface. The ultimate aim of the present investigation
is to determine the modification of these waves and to study the reflection
and magnetoionic coupling processes as the disturbances propagate
down to ground level. A full wave solution is obtained utilizing a
numerical technique developed by Inoua and Forowitz [1966a,b].
Hydiomac¢netic wave propagation has beun studied extensively
ever since its discovery by Alfven [1942]. Theoretical studies led
Dungey [1954a,b] to suggest that some micropulsctions are of
hydromagnetic origin. This suggestion has since led to a number of
investigations devoted to the study of hydromagnetic wave propagation
through the Earth's ionosphere (Akasofu, 1965; Field, 1963; Field and
Greifii-ger, 1965, 1366; Francis and Karplus, 1960; Greifinger and
Grel.inger, 1965; Jacabs and Watanabe, 1962: Karp.us et, al., 1962

’
L

Prince: and R stick, 1764; Prinze .t. ai., 1964]).




The solutions to thesg studies have been effected by two basic
means, i.e., analytical and numerical. All of the investigations
mentioned above have neglected to consider magnetoionic coupling,
which has been found in the present investigation to be of considerable
importance in determining the final wave fields. Analytical solutions,
such as those obtained by Greifinger and Greifinger [1965] and Field
and Greifinger [1965, 1966), have been effected only by making some
drastic simplifying assumptions.

For high and medium frequencies the wave equation is often solved
using the WKB method and the approximations of geometric optics. For
low frequencies, however, the concept of ray optics becomes invalid
and partial reflection is not properly treated. A more accurate solution
to the wave equation must then be sought by utilizing known functions
or numerical methods; this is referred to as a "full wave solution." In
general full wave solutions are necessary when the scale size of the
variations in the ionospheric parameters becomes less than the
wavelength of the electromagnetic disturbance, A general discus:ion
of the full wave and phase integral (i.e., WKB) methods and thni.
advantages and disadvantages may be found in an excellent revic.y
article by Budden [1969].

Various full wave methods have teen proposed for the solution of
the problem of electromagnetic wave propagation in a horizontally
stratified magnetoionic medium. These include Budden [1955], Barron

and Budden [1959], Johler and Harper [1962], Pitteway [1965), anu
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more recently, Walsh [1967) and Altman and Cory [1969a,b]. None

of these methods, with the exception of that due to Altman and Cory,
has been applied to the micropulsation frequency range. The simple
thin-film optical method due to Altman and Cory [1969a) is valid

only for constant wave polarization, when magnetoionic coupling is
zero. In general this condition is not fulfilled in the micropulsation
frequency range, even for vertical propagation. The generalized
thin-film optical method (Altman and Cory, [1969b]) allows for oblique
incidence and intermode coupling. However, the wave fields do not
appear to have been calculated with this method.

In the present investigation three different frequencies (3.0,
0.333, and 0.00333 cps.) are considered in the micropulsation frequency
range. In addition one frequency (100 cps.) is studied in the ELF range,
which is of interest in the possible effect of ion cyclotron resonance.
For each frequency a localized disturbance (See section 2,1) is considered.
Also, at 100 cps. and at 0.00333 cps. plane wave cases are studied. For
each case considered the incident slow and incident fast waves are

introduced separately at the top of the ionosphere.
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2.0 THEORETICAL CONSIDERATIONS

2.1 Formulation of the Wave Equation

The assumption is made that an electromagnetic disturbance is

incident at 5000 km. altitude. The propagation characteristics of this

disturbance are determin>d bv Max-vell's equaticns and the constitutive
relations for tive medtun, The disturbar.ce is assumed to be of
sufficientlvy small amplitude that noulinearities of the gevorning
equations may be neqglected. The ionosplere is ass.n.ed *o be
horizontally stratified in the presence of a verticil mannetic field.

The disturbance function Fp is represented by a double Fourier

series over the spatial conrdinates x and y.
li 2 N ¢ . ’ niwt
£ =35 AUMFR) expl Ly X +ikywy | ¢
P T w L
where 4' and m' are the Fourier numbers.

The Fourier series is expanded over an interval equal to the Earth's

circumference so that the fundamental wavelength gives

where

R« Y R
g 2R, Re
‘Rg arth's radius

Maxwell's equations may be written as
-l . -l
VXE = (RN
] oo d ~h
I = -tk K-E
a
ko= 3E
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) = free space wavelength
RN

a = _’..A.P. +

» e.

where & , €, , and M are the characteristic impedance, dielectric

constant, and magnetic permeability of free space and Eand ﬁare

e

the electric and magnetic wave fields, respectively. The quantity »

wdy
has the same units as & . R is the dielectric tensor of the

ionosphere and is given by

-2
WE,

-
where T is the unity matrix with the diagonal elements being unity

K= 1+t.

and the off-diagonal elements being zero. The conductivity tensor ol

is determined from the equations of motion of the charged particles

(See Part II).

The x and y components of the nabla differential operator may be

written as

3 = ikyd

—d-—-» «.k‘m

If v is defined as

- R
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then Maxwell's equations in component form may be written as
- = =y
MEI- - R 32 En g W,‘ 1/,
i
. E y E' YN, = X,

LRQQ‘E ) 3
1.6'g m g, = r ¥, -W;

¢ ! ! ' '
mwe——t-';sgr;w =-(K E+ Koy 4, €, )

—L—'a— l— !
Lkaé%wi LA, = (K E, +Kaaeg«rky€)
J.?J;-W\W‘ "(Kex“x"'(zaeg*"‘e's)

where - =
H =ruw
!
¥ =¢K
These equations may be written more concisely by introducing a
matrix notation due to Clemmow and Heading [1954].
-l

. wm !
:-tT-'e'.
s

2, = W2

Ex
£

m
(/]
Xaf

e

] -
where ‘f’ is the 4 x 4 propagation tensor ha*ing the functional form

T'= T(K! Lwm)

and is the same as equatior (10) given by Inoue and Horowitz (1966a)

1-6




with .K. being repiaced by R' .

Although the propagation tensor "f-’is here represented as a
function of both £ and m, a coordinate trans formation is performed so
that the disturbance is propagating only in the x and z directions.
Then the Fourier numbers become

L2=[22+ m'zl‘k
m=o0
Also, in order to simplify the calculations only a single Fourier component
is considered so that the disturbance function is now represented by
Fp ~ F (8) exp (ijRgLx) i
F (s) 1s the height dependent portion of the disturbance function which
is determined from the solution to the wave equation,

The above differential equation represents the wave equation
reduced to a set of four linear, homoqeneous. first order differentiai
equations. This equation was lnteqrated using the technique
develaped by Inoue and Horowiti [1966a,b) from de_ep in the interior
of the earth out to 5000 xm, altitude.

In ocrder to’carry out the nuﬁ\oﬂcal solutions to this problem a
model ionosphere was developed from oxiitinq rocket and sat-omt'e'
data for conditiom of midlatitude and midday at sunspot minimum.
(See Part III for the details of this model.) The neutral atmosphere
© - 50 km.) was considerad to be free space with zero conductivity .
The surface conductivity of the earth was tsken from data published

by Green and Hoftman [1967) and the conductivitv of the Earth's

1-7




interior was obtained from graphs giver by Price [1665].

2.2 Dispersion Relation

Maxwell's equations may be written as

VXE = Lwﬁk,ﬁ
\7&’0-7 = -lLWE T(. E

(-3
where R? ., the dielectric tensor, is civen in the notation of Stix [1962].
. . a
S -tD o

K =|tD S -~

i O d
L o)

where

S= L (ReL)
bz L (k-L)
L
e W -]
RE ‘—2‘- u,)'*[_ wi-é‘ﬂ.
kS
- T { W

\M‘ € = plasma frequency of k th particle
]




0N = ‘EBE.?’;. \ = magnitude of cyclotron frequency
R ™ of k th particle

() = angular wave frequency of the disturbance

The quantities n, mp, 2p represent the particle density, mass, and
charge multiplicity of the k th particle species. In this work 2z is
assumed to be unity. e is the magnitude of the electrical charge of an
electron. Ek is +1 or -1, if the kth particle is positively or
negatively charged, respectively. B, is the Earth's static magnetic
field.

The curl of a vectorx is ¥V x-A‘and may be written as an

antisymmetric tensor times the vector where the tensor is given by

oo —

o -3 3

=— ]
T =|% ©°o -5
) =
g oKX o

Because of the coordinate transiormation which makes £ = (2'2 + m'z)'k
and m = 0, none of the variables have any y dependence. Tnen the

derivatives become
397 - Lkal
55
'gi- = - I.k?%
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where q is the Booker quartic root (See Budden, 1961, p. 120).
o -q o ]
V% = ikg|q o -1
o y o

From Maxwell's equations
IX(VxE) = VX (\"7'7-53=Lw/~k,(\'7'X-H) ;‘
X (V% - E) WA,

—Te e

1l

which may be reduced to_ 1‘
L =4

- 96 o) . %—L £
2 = -3

v) "(%"’l) ] . Ea = —Y.LK.E

z A
LqJ. 0 -2- LE*_ |
W R'
r = =
ksc, \\3

Now substituting the expression for K and transposing to the left

side of the equation

cs - % -irD L E, |
W'D v's -C‘g‘\-f’) o "| €y | =© »;‘
%L o P2 E

N J L =
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- . 7 [
S — %‘1 - LD r\- Ex
>, T
L
gL o P-£.| | €,
r" 4 L

In order that the solution to this system of equations be

nontrivial the determinant of the 3 x 3 matrix must be zero, The

following quartic equation representing the dispersion relation is

then obtained.

where

P,R,L may be written in terms of 0;, . o"‘ , and @,

‘Hall, and Pedersen conductivities, respectively. (See Partll,

section 4.1.,)
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Our — o:l.t. - Oy + Oni
R= 1+ =G e,

Ouy +O..t . Orr = Oy
L= \'-——L——"-weo ‘\'L——-‘weo

P= \—gf’_L + G
WE, WeE,

where the subscripts "r" and "i" mean the real and imaginary parts,
respectively,

Comparing the 3 x 3 matrix from which the dispersion relation
is derived with equation (1~20) given by Stix [1962], q is seen to be

related to n, the total index of refraction, by

,95_—-=V|m9

where © is the angle between the wave normal and the magnetic

field. We also have the relation

Thus we see that
% =N Ao

A = rnombd

Now © can be eliminated to give the relationship between q, n, and |,
C 2 2
AP = - '&"‘ :
9 l ra, n'&
or

q2 = ran _Lz
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If J,= o, i.e., completely vertical propagation, then

2 = 2nl

Also, in this case,

n

A vt
B 2PS

& m—

‘-I.
. = ?RL

and the dispersion relation becomes

%%q"%{%-k?RL =0

Substituting q2 = r2 n2 we have
pn? - 2psn? + PRL = O

which is identical to the dispersion relation given by Stix for © = O.
2.3 Computer Program for Full Wave Solution

The computer program for the full wave solution consists of three
separate programs (Part I, Part II, and Part III) which are interfaced by
means of magnetic tapes. Quantities calculated in Part I which are
necessary for the computations in Part II are stored on the binary magnetic
tape which interfaces PartI and Part II. The same situation is true for
the relationship between Part II and Part III.

The integration procedure used in this program is based on the
theoretical work of Inoue and Horowitz (1966a,b) and these two papers
shall hereinafter be referred to as Papers I and II, respectively.

2.31 Program for Part I

Part I of the full wave program has the following primary functions:
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1. Performs a coordinate transformation so that the propagation
vector lies in the x - z plane at an angle © to the z axis.

2. Calculates the magneto-ionic quanties X, Y, Z.

3. Uses the coupled equations of motion for electrons and
ions (See Part II, chapter 1 of this report) to calculate the ionospheric
conductivity tensor,

4. Calculates the dielectric and propagation tensors.

5. The altitude (or depth), the Fourier number §, and the
dielectric and propagation tensors are stored on magnetic tape for
later use in the full wave program.

A few of the important variables used in Part I are given in Table
2.31 along with their interpretation. The wave data, station data, and
medium data are read into Part I on cards.

A brief description of the various subroutines used in Part I is

given below,

TABLE 2.32
Subroutine Description
DTRM Finds the determinant of a 3 x 3 matrix having complex
elements.
DETERM Computes the determinant of a 4 x 4 matrix having

complex elements using the method of pivot condensation.
MTMLTP Finds the product of two 3 x 3 matrices each having
complex elements,

MATINV Determines the inverse of a 3 x 3 matrix having
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complex elements.

DUMP A dump is forced if the program finds itself in the
wrong location.

FTRAP A University of Pittsburgh subroutine which sets to
zero any number which becomes too small for the
computer,

Magnetic tapes used in the program are

INP BCD-scratch tape which reads in data cards

IOUT BCD scratch tape which prints out desired information
wl Binary Tapes used for manipulating and storing

W2 quantities which are to be used in Part II and/or Part III.

2.32 Program for Part II

Part II of the full wave program has the following primary functions:

1. A binary search is initiated if the invariant test fails (Paper I,
p. 433). This test will fail when a singularity occurs within a given slab.
The purpose of the binary search is to try to squeeze the singularity into
as small a siab as possible.

2. The slab width is adjusted so that the difference in the amplitude
changes of the siow and fast modes within a slab is not too great.

3. The slab is determined to be isotropic or anisotropic and the
Booker quartic roots and eigenvectors are calculated accordingly.

4. The coupling coefficients (See Paper I, p. 431) are calculated
and stored on tape IW4, which is used as a permanent storage tape for

all quantities which are later retrieved and plotted automatically.
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The following variables are read into Part II from a data card.

Variable

HMAX

HMIN

EPFSINV

WLNGTH

LIMBSR

TABLE 2.33
Description
Maximum data height (km.). For purposes of the work
here, HMAX=5000 km.
Minimum data height (km.). In order to take into
account the conducting properties of the earth this
value was set to HMIN=-400 km.

Numerical value assigned to the inariant test.

%5 = Re = Earth's radius

The limit on the number of binary searches to be

preformed for a given slab.

A brief description of the various subroutines used in Part II, but

not in Part I, is given below.

Subroutine

COEFIC

POLAR

LEIGEN

CMEXP

TABLE 2.34

Description
Computes the coefficients of the Booker quartic
equation from the propagation tensor.
Changes the carfestan coofdlnatel x and y to
polar coordinates r and $.
Calculates the normalized 5 matrix. (See Faper I,
p. 434). |
Given the real and imagiuary parts x, and ',

respectively, of the variable x, calculates e.
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BOGKER

Calculutes the roots of the Booker quartic equation.
Finding a root requires making a good initial guess
for the root, as is done in the following method. The
quartic equation is differentiated three times and the

zero crossing of the 3rd \I/I\ F

derivative is used to find

€

[} [}

th or mini )
e maximum minimum : v
' \
of the 2nd derivative. A \L ' ' E"
Taylor series expansion is :
' T

then made about the maximum /.'Z r

or minimum to find the roots of the 2nd derivative.
Newton's method is used to improve on these roots,
which are then used to find the maxima and minima
of the 1st derivative. The whole process is repeated
for finding the roots of the 1st derivative and then for
finding the roots of the quartic equation. Redundant
roots are thrown out. The roots are then arranged
in the order

Ds, Df, Us, Uf
i.e., downgoing slow, downgoing fast, upgoing slow,
upgoing fast. In the eventuality that the slow
mode has larger attenuation than the fast mode
then the slow and fast modes are interchanged in

order to prevent swamping.
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EIGENV

BOBM

Computes the eigenvectors associated with the Booker
quartic roots. For any given quartic root the charact-
eristic matrix has 16 different 3 x 3 determinants
which may be obtained by elimination of the ith

row and jth column. For each eigenvalue the two
largest of the 16 determinants are found. The
eigenvectors associated with each of the two largest
determinants are then calculated. Thus for each
eigenvalue two different sets of equations have been
used to calculate two eigenvectors. The eight eigen-
vectors assojcated with the four eigenvalues may be
comhined in sixteen differnet ways to give the eigen-
vector matrix. The eigervector matrix which has the
maximum determinant is chosen because the columns
of that particular eigenvector matrix a:2 as independent
as possible.

This 15 a University of Pittsburgh subroutine which

caules the computar to halt at the next “pause®

~statement. A message i3 then printed to the cperator”

to mount a third private tape, i.2., tape IW{,

2.33 Program for Part III

The basic function of Part 1] is to perform the actual imegraudn

of the wave squation. The forward integration proceeds in the upward

direction, starting deep in the interior of the Earth and proceeding
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out to HMAX, at which point the boundary conditions for the
disturbance source are applied. Because of the problem of numerical
swamping (See Paper II for a complete discussion; corrections
frequently have to be made to the solutions in the various horizontal
slabs in order to preserve good linear independence. In order to be
efficient the corrections are all made in one backward integration
process, which is performed after the boundary conditions are applied
at HMAX. The matricant method of matrix algebra (Gantmacher, 1959;
Pease, 1965; Inoue and Horowitz, 1966b) is utilized in performing the
forward integration.

In general the solution to the wave equation is given by

F-Jt

(Paper 1, equation (14)).where o'é‘is the wave field solution vector,
one 4 x 4 integral matrix whcse columns are four linearly independent
solutions to the wave equation, and the superposiiion vector?consisting
of four constants given by the boundary conditions. Because ihe dis-
turbance source is considered o ve above the layers over which the
integration s performed two of the superposition constants will be zero
See Table 3, Paper II). Consequently only two independert solutions
are necessary for the final solution. These will correspond to the incident
slow mode and the incident fast mode and are selected by the variables SB1
and SB2 {n the cdmputer program (See Table 2.35 below).

The followiny basic operations are performed by the program for
_ Part 11I:
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1. The synthesis matrix from Part II is fed into the wave
properties matrix (equation (31), Paper II) and the third and fourth
columns are zeroed out because only two independent solutions are
required as a result of the boundary conditions,

2. The average propagation tensor is found by linear interpolation
of the values at the upper and lower heights of a slab.

3. The Booker quartic roots and the hybridizing matrices {equations
(19) and (27), Paper II) are calculated in accordance with whether the
slab is isotropic or anisotropic, indicated by the variable IANISO
which was given a value in Part II,

4, The modification matrix (equations (9), (10), (18), and (22),
Paper II) and the eigenvectors are then calculated.

5. Undesirable wave components are excluded from the wave
properties matrix by a linear combination of solutions (section 5.2,
Paper II).

6. The boundary conditions are applied at HMAX according to
whether the first independent solution (IRL = 1) or the second
independent solution (IRI; = 2) is desired. Either case utilizes the
same forward integration. Only the backward integration is different.

7. On the backward integration the correction to the intecral
matrix is performed by use of the EOR matrix (equation (47), Paper II).
The amplitude and phase factors (equation (32), Paper II) and the
mixing ratios are also calculated. The mixing ratios are defined in the

following manner.
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where ?is the column mat_tix of elements defined as the mixing ratios
because they indicate the magnitude of the "mixing" of the characteristic
waves, which are the columns of the 1? matrix.,

8. The final form of the wave fields is then calculated in the .
background integration,

9. The Booker quartic roots,the electric and magnetic wéve
field magnitudes and the mi:\cing ratios for the first and second independent
solutions are stored on magnetic tape IW4 for subsequent automatic
plotting.

The variables read into the computer on cards as data are as

follows,
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Variabie

HMAX

<

_HMIN

EUXB (1)
" EUXB (2)
EUYB (1)
EUYB (2)

TABLE 2.35
Description
Upper limit (km.) of integration
Lower limit (km.) of integration
Thesé variables represent the real and imaginary
parts of the x and y components of the electric
f*eld of downgoing wave at the upper limit HMAX

of integratian, i.e.,

E _ €. _ (Exhai (B, b’|

W E‘“ = (E\QN (Eﬂ)m ’ b;
where all quantities are evaluated at HMAX, the
subscripts.l and 2 refer to the 1st and 2nd independent
solutions, and the superposition constants b’y and b’y
are given by

by = by Qy
where the Qj j are the amplitude and phase functions
(equation- (32), Paper II) and the hj are constants
determined by the boundary conditions.,

There are two different ways that the source may
be specified at HMAX. Either the constanté b') and
b'y are given, in which case E‘u is given by the
equation above, or else :E-u is specified at HMAX

and b'; and b', are then predetermined by the equations
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SB1 (1)
SB1 (2)
SB2 (1)
SB2 (2)

EUXB  EUX2

b} = EUYB _ EUY2
A

EUX1  EUXB

b'y = 1EUYl _ EuyB

a

4N (EUX1) €®UY2) - (EUY1) (EUX2)

When it is preferred that b'l and b’y be specified
then EUXB and EUYB are given the value zero on the
input data card.

These variables represent the real and imaginary
parts of b'1 and b‘z, respecti. 2ly. For the example

calculations given in this work, if IRL = 1 then

b'. =1.0and b’y =0.0 and if IRL = 2 thenb'. =0.0

1 1

and b'z =1.,0. Separate backward integrations are

performed for IRL = 1 a_pd IRL = 2.

A brief description of the v'arious’ subroutines used in Part III, but

not in Part I or Part II, is given below.

Subroutine

DECOMP

TABLE 2.36
Description
Used to check the linear independency ot the columns
of the wave properties matrix. Each column is
normalized with respect to the magnitude of that

column, It is then easier to compare different
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columns and ascertain the degree of numerical

swamping and degradation in the linear independence

P of the columns,
LGRISD Computes the hybridizing matrices for the isotropic
r case,
LGRNG Computes the hybridizing matrices for the anisotropic
case,
CMLOG Calculates the natural logarithm of a complex number.
SKIP This is a University of Pittsburgh subroutine which

takes the form CALL SKIP (NF, NR, NTAPE), where NF
is the number of file marks to be skipped, NR the
number of records to be skipped, and NTAPE is the

number of the tape to which these commands apply.

Copies of the program object deck and flow chart may be obtained
from the Air Force Cambridge Research Laboratories, Ionospheric Physics

Labortory, L.G. Hanscom Field, Bedford, Mass. 01730.
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3.0 THE TRANSMISSION OF ELF WAVES THROUGH THE IONOSPHERE

3.1 Ion Cyclotron Resonance

Figure 3.1 depicts the ion cyclotron resonance profile (i.e., the

L= 0o surface on the CMA diagram) for the particular mecdel ionosphere

used in this work. The ions primarily responsible for each portion of the
curve are indicated. That part of the profile which tails off to the

left above 2000 km. is due to the constancy of the ion mass (H+) and the
3 dependence of the magnetic field.

In this analysis a two component plasma was assumed and the
effects of ions of different charge to mass ratio were not exaniined.
Prupagation effects in a plasma containing several ion species have been
discussed by Stix [1965). Gurnett et. al. [1965] have applied the theory
of propagation in a multi~component plasma to ion cyclotron whistlers
and Hayakawa et, al. [1969] have calculated the dispersion of waves
in the lower exospher.: containing multiple ion species for the
frequency range 0-150 c/s. Also, experimental evidence has been
found for the existence of various ion resonances in the ionosphere.
Smith et. al. [1964] reported the discovery of the proton whistler in
satellites. Barrington et. al. [1966] observed the helium whistler in
Alouette 2 satellite data. More recently Gumett et. al. report the
observation of an ion cyclotron whistler due to an ion with a mass to

charge ratio of 8 amu/unit charge. This ion is thought to be either

ot or Heg, but its identity has not been clearly established. There
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is every reason to believe that other ion resonances, such as
No+, OZ, N+, O+, etc., will be discovered.

The effect that multiple ions have on R and L (the squares of
the indices of refraction for the right and left circularly polarized
waves, respectively; See Stix [1962]) at 1000 km for the model
ionosphere used i.: this work may be seen in Figure 3.2. In
this graph collisions are excluded and L goes to infinty at the
gyrofrequency for each ion present in the plasma. For a two component
plasma there will appear only one resonance, which corresponds to
the gyrofrequency of the effective ion. In addition between each
gyrofrequency there appears a point at which D=1/2 R - L) = o, ie, R and
L cross over each other. The frequency at which this occurs is called the
"crossover” frequency. Smith and Brice [1964] find that both modes are
linearly polarized at the crossover frequency. Polarization reversal
occurs for a wave passing through the crossover frequency. This
situation corresponds to the phase velocity surfaces being tangent in
the direction parallel to the magnetic field. At this point the R and L
labels are interchanged. Such a phenomena does not occur for a two
component plasma because D can strictly vanish only for a piasiia
containing positive ions of different charge-to-mass ratio, provided the
magnetic field and electron density are not zero (See problem 2,
chapter 1, Stix [1962]). In fact D may vanish only at frequencies
greater than the minimum ion cyclotron frequency and less than the

maximum ion cyclotron frequency.
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The discussion so far has been limited to the case of a collisionless
plasma. Including collis‘~ns causes the quantities R, L, and D to contain
imaginary as well as real parts. A plot of the real parts of R and L with
and without collisions for a model ionosphere with multiple ions and also
for the case of an effective ion suffering collisions is shown in
Figure 3.3. A representative altitude of 200 km is chosen. The
subscripts "O" and "i" refer to the quantities calculated excluding
collisions and including collisions, respectively, but for a multi-
component plasma in both cases. The subscript "eff" refers to a two
component plasm§ containing electrons and an effective ion, with
both species suffering collisions.

it is evident from Figure 3.3 that the inclusion of collisions at
200 km has no significant atfect on the value of R. This is consistent
with the result obiained by Gurnett et. al. [1965] that the real part
of R for the collisionless case is the same as the real part of R with
collisions when R is expanded to first order in the parameter & (e.,
the ratio of collision frequency to angﬁlar wave frequency). This same
result is seen to be tnie for L when sufficiently far away from the |
qyro&equomles . Howev&, collisions do significantly affect the

ralue of L near the gyrofrequencies. The value of L is moderated by
collisions and no longer tends to infinity at the gyrofrequencies. Also L
may go through zero near the jyrofrequencies and at some point between
any two ion gyrofrequencies may become equal to R. Thus even with

collisions included there may still be frequencies between the ion
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gyrofrequencies at whic’. the real part of D is zero.

The question still remains as to whether the vanishing of the real
part of D corresponds to a polarization reversal. Gurnet et. al. claim
that when the magnitudes of the imaginary parts of R,L, P, and H
(H = RL - PS) are much less than the real parts of the corresponding

quantities then there exists a critical coupling angle 6, near D=0

determined by the relation
' 3 F R T
. ecliw.. &, =47, D..D./H‘Ho

where the subscripts "o" and"l" refer to the real and imaginary parts,
respectively. Thus, in the presence of collisions the wave norinal
surfaces at D, = o intersect over a cone of directions making an angle
©. with the magnetic field. This cone is called the critical coupling
cone. If a wave passes through this critical coupliny cone near D,=o0
a wave of opposite polarization is generated.

However, in Stix‘' notation, the condition of critical coupling is the
vanishing of rl

Fox (RL=PsYow'© + 4 L?D\\&n'io =0

Then, in the case of amall collisions, the exact condition for critical

. f.0,,

coupling is

T (RL-PS) . Re(PD) _
ﬁ%ﬁ;‘a}% ¥ IweD) " °
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and the critical coupling angle &, is given by
e

v 2 . -IW\SPD)
8 lan'e, =¢ Re (RL-PS)

Therefore critical coupling does not nece:ssarily take place near the level of

‘Rg_L'D]:: CG. In fact even if \Im\?]“«h(&_)] l, critical coupling may occur.

Also, with collisions inciuded, polarization reversal may arise from the
quadrant change of F2 in the complex plane at a certain angle without

causing critical coupling.

Consideration of an effective ion and collisions gives rise to a
moderated resonance effect only in the vicinity of the gyrofrequency
corresponding to the effective ion see Figure 3.3). Also, there may

exist one crossover frequency (ie., D

) = o} when only the effective

fon is considered, provided collisions are included. However, at most
one such freguency exists,
Therefore, this discussion serves to show that even in the presence
of collisons it is necessary to include al! the ions in order to determine
the wave characteristics of a disturbance propagating with a wave frequency

near any of the ion gyrofrequencies.
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3.2 Localized disturbance at 100 ¢/s

3.21 Booker Quartic Rootis

Table 3.1 summarizes the nature of the slow and fast waves at
100 c/s in the various regions of the Earth's environment. Figure 3.4
shows the altitude deperidence of the Booker quartic roots for the
slow(s) and fast(F) waves. The abbreviations QR and QI stand for the
real and imaginary parts of the quartic roots, respectively. The
indices of refraction for propagation in the 2z - direction are obtained
by multipiying the Q values by a factor of .075. Downgoing and
ubgoing waves are represented by the same curves and differ only by
a minus sign.

The Booker quartic roots are almost entirely real in the region
above 1070 kim. The slow and fast waves are quite similar in this
region and are both propagating. At 1070 km the ion cyclotron
resonance is encountered. Below this level the slow and fast waves
are interchanged and the fast wave is evanescent. This resonance
condition corresponds to a crossing of the L = ©© surface in parameter
space on the CMA diagram. The magneto-ionic quantity Y; is equal
to one. As we shall see later from the mixing ratios and coupling
coefficients this resonance causes the L mode to be almost completely
reflected back tc the magnetosphere. The slow mode is highly
propagating down to the neutral atmosphere. Above the
resonance level the ionosphere is slightly anisotropic. Below the

resonance level the ionosphere is highly anisotropic.
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In the neutral atmosphere the quartic roots are pure imaginary

and both modes are evanescent. This effect is due to the presence of

a horizontal component in the propagation vector. In the neutral atmosphere

the electron and ion densities are zero. Therefore, in Stix' notation:
R=L=P=8=1
A=C-=1
B =2

The dispersion relz.ion then becomes

Wozntsyr =0
L
or wm-1) = o
< s T
n :' :nx+n2
thus 2 1
no= |- Y
N . 2 X
If Ar << c®, then N
Y\E<°

and hence n% is pure imaginary.
Thus the neutral atmosphere acts as an elastic medium for the vertically
propagating component of the particular localized disturbance being con-
sidered. If /\)," had been greater than ¢ then o g N, < { and the
neutral atmosphere would have been dispersive for the vertically
propagating component.

Inside the Earth the magnitudes of the real and imaginary parts
of the quartic roots are all equal. Thus the Earth's interior is
isotropic and "dense resistive", ie, behaves like a metal.

3.22 Magneto-ionic Coupling Coefficients

Figure 3.5 shows the magneto-ionic coupling coefficients (See
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Inoue and Horowitz, 1966a) for the localized disturbance at 100 ¢/s.

The abbreviations S, F, M, R stand for slow, fast, mode coupling and
reflection, respectively. Thus RS means reflection of the slow wave.
M means generation of a downgoing slow wave from a downgoing fast wave
or an upgoing fast wave from an upgoing slow wave, etc. MR means
generation of a upgoing fast wave from a downgoing slow wave or an
upgoing slow wave from a downgoing fast wave, etc.

Peflection is the dominant type of coupling at almost all heights.
At 1070 km feflection type coupling for the slow wave becomes very large
because of the ion cyclotron resonance, For the fast wave below this
level the magnitude of the coupling is larger than or comparable to the
quartic roots. For the slow wave below the resconance ievel coupling is
of less importance than the quartic rouis down to the D region. In
the lower D region coupling becomes very large for the slow and fast
modes. Mode reflection type coupling also appears. The plane wave
case produces no mode reflection type coupling in the lower D region,
Therefore this effect is due to the localized nature of the disturbance.

Reflection type coupling occurs within the surface laver of the earth
and is a maximum at a depth of about 2.5 km. This reflection region
corresponds to the rapid change in the earth conductivicy. In this region
the coupling coefficients are in general smaller tha.a the quartic roots

but are of comparable magnitude at a depth of 2.5 km,




3.23 Characteristic Wave Mixing Ratios

The mixing ratios (See section 2.33 for definition) for the
incident fast wave are given in Figure 3.6. Above 1070 km, the resultant
wave fields consist primarily of a downgoing fast (DF} wave but with
some partial reflection occurring as may be seen by the presence of a
small amount of the upgoing fast wave (UF). The mixing ratio for the
upgoing fast wave exhibits a standing wave nature due to reflection from
the ion cyclotron resonance level. The downgoing slow wave (DS)

15 generated by mode coupling, which may also be seen in the coupling
coefficients in Figure 3.5. The upgoing slow (US) wave is generated
by mode reflection type coupling, again also seen in Figure 3.5,
However, these last two wavas offer only a small contribution to the
total wave field.

From 1070 km, down through the D region the dominant mixing
ratio is that of the downgoing slow wave. (Remember that below the
critical reflection layer the R mode becomes a slow wave). Some
partial reflection is seen through~* this altitude range as evidenced
by the mixing ratio for the upgoing slow wave. Between 700 and
1000 km. there is a standing wave due to the ion mass changing very
~rapidly. The standing wave between 300 and 600 km. is caused by the
upper slope of the F maximum electron density. There is also a
standing wave centered on the F region maximum,

In the D region the mixing ratios for the downgoing and upgoing

fast waves grow rapidly as a consequence of the mode reflection type

1-40




o TN T T RN e e TR - T

MIXING

RATIOS

190 ¢4

8 8 8

(0N 30NLI LW

Sdbbd
Ty *

TMD

-

Aok dadadih 4

rm.

Figure 3.6




coupling already seen in Figure 3.5. This effect is due to the
localixed nature of the disturbance.
In the neutral atmosphere and in the ground the transverse magnetic

(’M) wave is larger than the transverse electric (IE). The earth acts as

a good conductor and almost complete reflection occurs as seen from

the approximate equality of the downgoing and upgoing parts of the

TM and of the TE waves. The mixing ratios are attenuated logarithmically

in the ground and only downgoing waves are present. Although the

coupling coefficients indicate that reflection occurs for both the transverse

magnetic and transverse electric modes between about 1 and 3 km. depth

this process has negligible effect on the resultant mixing ratios and

wave fields due to the fact that the quartic roots ars larger than the coupling
coefficients and are therefore more important in determining the final

wave field characteristics.,

The mixing ratios for the incident slow wave may be seen in

Figure 3.7. The equality of the mixing ratios for the downgoing slow and

upgoing slov: vaves indicates that complete reflection takes place at '
1070 km,, the ion cyclotron resonance level. Thus the slow mode ‘
(ie. the L mode) is completely non-penetrating below this level. This

result is in agreement with the prediction of the CMA diagram that
the wave normalsurface for the L mode disappears upon crossing the i

L = 00 surface from lower to higher frequencies. \
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3.24 Wave Fields

The wave fields of the incident fast wave are shown in Figure 3.8.
The magnitudes of the electric and magnetic fields are all relative to
the values at 4000 km. If the magnetic field values are multiplied by
a factor of 0.25 the B field is then obtained in gammas (1 gamma =
10—3 gauss). The electric field is read directly in volts/meter. The
letters x, vy, z stand for the corresponding components of the field
quantities.

The wave fields exhibit the same standing wave characteristics
as the mixing ratios in the F region. The standing wave above 1070 km.
is due to partial reflection above the ion cyclotron resonance level. The
standing wave betereen 300 and 600 km. is caused by pertial reflection
from the upper slope of the F maximum clectron density. A standing wave
is also centera;-d on the I' layer maximum,. Standing waves are visible
in thc wave fields down throus—h the F region bui are less obvious in the
D region and neutral atnosphere. [n the D region mode coupling praduces
the separation in the x and y components of the electric and magnetic
fields and an increase in the z - component of the electric field. The
e’:cric field remains essentially vertical throughout the neutral atmosphere
and must causc charge separation to occur between the Earth's surface
and the lower ionosphere. In the ground the fields are attenuated
logarithmically.

The wave fields for the incident slow wave display a standing

wave cffect above 1070 km. due to reflection from the ion cyclotron

—




H FIELD COMPONINTS

rm.

Figure 3.8

-7 -6
E FIELD COMPONEN!S

4000 4000 T ™ vy I
2000 000+ ~1
XY
20 00| .
00 1000ttt
900~ 00|~ b
a0} 800} -
004 700} -
800 600} .
soo}- soof Xy 1
ool uoo}- .
300} 300+ .
2001 200} 4
100 100} L.u:.é .:: — )
120 120 g
110 HUp 2
10 _ 100} »
g © § %o}
! o : X
H =
5 : v
80
S0 Py
WOk
0
o
o}
Op—r T A a1
Y / ’
- __X/’:—’: - /
==
-at
NS B
100 /5
] TV OV SO B e tnausad 4 sl
- 4 -3 -2 -1 ‘8 s s




resonance level., The fields are completely zero below this level and
further substantiate the fact that the L mode is non-pentrating beyond
the ion resonan: : level,

3.25 Wave Field Polarization

The polarizations of the electric and magnetic wave fields for
the incident fast wave are given in Figure 3.9. The labeling at
the top of each diagram specifies the plane in which the polarization is
plotted. For example, "YZ" implies that the y component of the fisld
quantity is plotted along the horizontal direction and the z component
is plotted along the vertical direction. The number under each polarization
curve represents the altitude in km,. for which that polarization plot
is valid. Thg Earth's magnetic field is directed inward and rotation
in the clockwise directicn represents right handed polarization. To
obtain the direction of rotation the gap in the polarization curve must
first be found. That side of the gap which is marked with an "x"
represents the beginning point. At 90° from the "x" is a dot and the
rotation sense is obtained by proceeding from the "x" to the dot,
At each altitude the plot 1s normalized to the larger of the two
components being plotted. Thus in order to determine the relative
sizes of piots at different altitudes one must determine the wave
ficld magritudes from Figure 3.8,

In the x~y plane the electric and magnetic fields are right
circularly polarized down to the D regicn. Due to the mode coupling

which produces a separation iii the x and y components of the electric

1-46




POLARIZATION

500 100 0
[l g

1000 120 S0
" . /

4000 250 30

YZ R

S00 100 1]

1000 120 50
anabumm—

4000 250 80

H

FIELD POLARIZRTION
F MODE, FREQUENCY= 100 /5

Figure 3.9

1000 70 S0
. ﬂ
4000 120 6

M

250 B 0
1000 0 50
4000 120 GO

SV

E £ 1ELD POLARTZAT [ON
F MODE FREQUENCY> 100 C/.

N - —




and magnetic fields in the D region the fields become elliptically
polarized in the lower ionosphere. At S0 km. the electric field becomes
left =lliptically polarized and then changes back to right elliptically
poiarized at ground level. Thus the fast mode which is polarized in
the right hand sense at 4000 km. is also right handed polarized at
ground surface.

However, on the Larth's surface the x and y components of
the electric field are smaller than the z component by three and
four orders of magnitude respectively., Thus the xz and yz planes
are more important than the xy plane. In these planes the electric field
cn the ground is lineerlv polarized,

The incident slow mede is left circularly polarized throughout the
region above the ion cyciotron resonance level.

5.3 Comparizon of Plane Wave with Localized Disturbance at
100 /s

Comperison of the effects of the plane wave and localized dis-
turbance shows very little mifference between the incident slow modes.-
hoth arce non-penetrating below about 1070 km, and in both cases the
downgoing slow wave is reflected in the form of an upgoing slow wave.
The major difference seems to be that the wave fields of the plane
wave are T out of phase with those of the localized disturbance.
However, compariscn of the incident fast modes does reveal some
differences. Because thereis nopropagation in the horizontal direction

the plane wave propagites vertically through the neutral atmosphere
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with a phase velocity equal to the speed of light. Thus the neutral
atmosphere behaves like free space for the plane wave but appears as
an elastic evanescent region to the localized disturbance.

Also, mode coupling and mode reflection type coupling appear
for the localized disturbance in the lower D region but no such coupling
appears for the pilane wave. Reflection of the slow mode however
still occurs throughout the ionosphere for the plane wave just as it does
when the localized disturbance effect is introduced. The z components
of the electric and magnetic fields are zcro averywhere for the plane
wave and the electric field polarization in the xy piane remains right
circularly polarized throughout the ionosphere and the neutral
atmosphere. In contrast the localized effect produces a z component of
the magnetic field throughout the ionosphcre and atmosphere and a z
component of the electric {ield in the lower D region and neutral
atmosphere. The z components are due to the additive interference of
the upgoing and downgoing waves. Therefore only the localized
disturbance gives rise to charge separation between ground level and
the lower ionosphere. Also the localized disturbance wave field
polarizations changed considerably in the lower D region due to
strong coupling.

Within the Earth the x and y components kfor both the electric
and magnetic fields ara equal in the plane wave case but the localized

disturbance gives rise to an inequality in thesec components.
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3.4 Ionospheric Elect‘rjc and Magnetic Field Measurements
Very few field measurements exist for the EILf range around

100 ¢/s but several experiments have been performed [ Maynard et. al.,
1969; Shawhan et al., 1968; Scarf et. al., 1968; Gurnett et. al.,
1969]. Various difficulties have been encountered and not all
measurements are in agreement, Maynard et. al. measured the
complete wave characteristics of several whistlers, whose source

was the local ionosphere waveguide, between approximately 100 and
200 km, witha :e-Tomahawk sounding rocket. In particular, one
whistler measured at 171.2 km. was elliptically polarized and had

the lowest frequency component opbserved, ie. 50 ¢/s, with an

electric field valuc between 100 and 200 uv/m. Shawhan et, al,
measured electric and magnetic fields with the Javelin 8.45 sounding
rocket. However, the measurements were rather broadband

(30-650 ¢/s) and indicated electrostatic noise (ie. no magnetic field).
Also Shawhan et. al. were not sure if these measurements were
indicative of a natural phenomena or due to payload interaction with the
ioaosphere. Scart et. al. perfornied electric and magnetic field
reasurements with sens:ing equipment on board the (OV3-3 sateilite.
Most vbservations were electrostatic but one casa was electromagnetic.
At an altitude of 364 km, the maximum magnetic field strength was

80 milligammas at a frequency of 525 ¢/s. The electric field

strength was oa the order of 170 microvolts/meter. Low frequency

measurements were Yumpered by spacecraft noise. Gurnett et. al.




obtained observations of electric and magnetic fields with the Injun
5 satellite, launched on August 8, 1968, into an elliptical polar orbit
with an apogee of 2528 km. and a perigee of 677 kmm. The Injun 5
experiment had the capability of measuring electric and magnetic fields
of plasma wave phenomena over two frequency bands, 0.3 to
10 kc/s and 30 to G50 ¢/s. The maximuin magnetic field strenths for
the latter band were about 50 milligammas. The maximum electric
field strengths were on the order of 3.5 mv/m for the lower
frequency band but in general the wide-band electric field strengths
are much less, of the order of 100 uv/m or less. These electric field
strengths are smaller than those reported by Scarf et. al. Gurnett
et. al. found that the electric and mag:..!ic tield strengths vary together,
suggesting that the field variations are due to electromagnetic waves,
possibly ELF hiss where the variations arc smooth, and discrete emissions
{chorus) where the tluctuations are rapid.

A typical value of 100 milligammas is assumed for the magnetic
wave field strength at 360 km. and is used in conjunction with the full
wave results to predict electric and magnetic wave field strengths at

other altitudes (See Table 5.7, Chapt.r 3).




4.0 THE TRANSMISSION OF ULF WAVES THROUGH THE IONOSPHERE

4.1 Localized Disturbance at 3.0 ¢/s
4.11 Booker Quartic Roots
Table 4.1 summarizes the properties of the slow and fast wave
disturbances at 3.0 ¢/s in the icnosphere, neutral atmosphere and the
Farth's interior, The Booker quartic roots are presented in Figure 4.1.
The labeling used in this figure is the same as that explained in section
3.21. The actual values of the index of refraction for propagation
in the vertical direction are obtained by multiplying the values read from
the curves in Figure 4.1 by a tactor of 2.50.
Comparison of the real and imaginary parts of the quartic roots
reveals that both the slow and fast modes are propagating dewn to
about 150 k. The reaion above 1000 km. s quesi-isotropl o, &
1000 km, mode switching occurs and the slow wave t .comes g
fa - waee and the rgst ware becomes a slow wave . At 1ab
km. mode switchirg ~ afn occurs with the slow mode changing bach.
to the fast maode and vice veraa, In section 4,15 we hall see
that the wave ficids underyo 4 polarization reversai at 1000 k. Lt
not at 130 w2, This region betweea 1000 kin, and 150 ks, is essentialiy
fsotrapic. otween 220 K, and 100 kKm, the reat « arts o

and fast wWase goarie toots are aathistirs ashasle . Doweseor, tho tast

i v e

wave (& evanescent between 15 k. and the Earth's surface. The slow

wawe 18 propagating down o about 7Q km. at which it Lroores
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evanescent and remains as such down tc ground leve!. The lower D
region between about 70 km. and 50 km. is quasi-isotropic. The
phase velocities of the fast and slow waves reach their minimuwn values
around 250 km. and 120 km., respectively.

The neutral atmosphere is isotropic and the ciuarti-c roots for
this region are pure imaginary due ‘o the localization of the
disturbéhce (See section 3.21). The interior of the Earth ic al;so isotropic
and behéves as a metal, |

4,111 Effeét of Charge Exchange on the Booker Quartic: Roots

Comparisonbof the quartic roots obtained by including charge
exchange wit‘h the' quarﬁb root¢ ohtained by excluding charge exchange
collisions is> shown in Figure 4.2. The real parts oﬁf ;:he guartic roots
are essentially u;laffeéted by charge exchange between 150 and 800 km.
altitude. On th_é. othér hand the imaginary parts of the Bosker quartic
roots are enhanced by as much as an order of magnitude. 1n the altitude
range 150 to 250 km. the imaginary parﬁs of the quartic roots with charge
exchange included are the same order of magnitude as the,reﬂ'al parts V.
Hence inclusion of charge exchange collisions significantly enhances
the absorption of the disturbance in the region 150~250 km. , where
charge xchange ofO+ with O is the dominant process. Figure 4.5 and
4.6 show that the ele~tric and magnetic wave fields are inéeed graatly
reduced in amplitude ir this regicn.

4,12 Magneto--ibniorcoupling Coefficients

Figure 4.3 reveals the altitude dependence of the magneto-
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ionic coupling coefficients for the localize. isturbance at 3.0 ¢/s.
These curves have the same nomenclature attacaed te them as that
explained in section 3.22.
Reflection type coupling is dominant down to about 1000 km.
At this altitude there is a strong mode coupling layer caused by the
equality of the fast and sluw wave quartic roots, ie. the medium rapidly
approaches isotropic conditinns. Reflection type coupling for both
the slow and fast modes once again becomes the major coupling process
below about 900 km. and remains dominant down to the lower D region,
in the F region mode coupling and mode reflection type coupling are
also present due to the quasi-isotropic nature of the F region. These
coupling processes become small in the E region because the medium
is anisotropic and reappear in the lower D region due to the localized
disturbance (See section 3.22). Thus coupling is of importance in
the D and F regions but not in the E region. The quartic roots are larger
than the coupling coefficients throughout the F region except for the region
around 1000 km. where mode coupling becomes very large. The fast
wave quartic roots are smaller than the coupling coefficients
throughout the D and E regions. The coupling coefficients become
Jarger than the slow wave quartic roots below abcut 95 km. Coupling
in the neutral atmosphere is, of course, zero.
As with the 100 ¢/s case, reflection type coupling occurs in
the surface layer of the Earth and reaches a maximum at a depth of

about 2.5 km. This reflection process corresponds to the rapid

§ SRR




change in the ground conductivity. The coupling coefficients in this
region are smaller than the quartic roots but become of similar magnitude
around a depth of 2.5 km. The madium inside the Earth is isotropic

and behaves as a metal.

4.13 Characteristic Wave Mixing Ratics

The characteristic wave mixing ratios for the incident slow
and fast waves at 3.0 ¢/s are depicted in Figure 4.4. The labeling
used for these curves is explained in section 3.23.

In the region above 1000 km. the resultant wave for the incident
slow mode consists primarily of the downgoing slow wave. The presence
of the upgoing slow wave is indicative of reflection taking place
throughout the region. The downgoing and upgoing fast waves are also
present and are generated by mode coupling and mode reflection type
coupling. In the F region below 1000 km. the downgoing fast and
downgoing slow waves are nearly equal in magnitude due to the strong
coupling associated with this quasi-isotropic region. The upgoing fast
and upgoing slow waves are also present due to reflection from the F
region maximum. The standing wave formation in these upgoing waves
is quite obvious., Around 200 km. the real and imaginary parts of the
quartic roots are equal as in a conductor. Therefore this level will
behave as the upper conducting wall of a cavity with the other conducting
wall being the Earth's surface. This fact is borne out when we look at
the standinq wave formation observed in the wave fields in the next

sention, Below this ievel in the D and E regions the downgoing slow and
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upgoing slow waves are almost equal, indic~ting that reflection is
continuously taking place. In the neutral atmosphere the incident
slow wave is comprised of both transverse electric and transverse
magnetic waves with the transverse electric being dominant. Both the
TE and TM modes are reflected quite well at ground surface.
Reflection of the transverse electric wave is also zen to take place
within the Earth and the maximum of the reflected wave occurs at a
depth of about two km., near the conductivity maximum.

For the incident fast wave above 1000 km. all of the
characteristic waves are of the same order of magnitude. The upgoing
waves are generated by reflection and mode reflection type coupling.
Although this region is anisotropic it is sufficiently close to being
isotropic that mode couplint and mode reflection type coupling are
important. In fact the downgoing slow wave is at times larger than the
downgoing fast wave. In the F region below i000 km., where the slow
wave becomes a fast wave and vice versa, the downgoing slow wave is
dominant and a standing w' ve formation occurs in the reflected upgoing
slow wave. The downgoing fast and upgoing fast waves are also present
due to mode coupling and mode reflection type coupling, respectively,
resulting from the quasi~isotropic nature of this region. Inthe D and E
regions the reflected upgoing fast wave is smaller than the downgoing
and upgoing slow waves, which are generated by mode coupling and mode
reflection type coupling, respectively. Thus the D and E regions will

not act to store energy for the incident fast wave as readily as for the
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incident slow wave. This fact will be easily seen from inspection of
the wave fields. In the neutral atmosphere the incident fast wave is
transverse electric and is reflected quite well at the Earth's surface.
Inside the Earth the incident fast wave is primarily comprisec of the
downgoing transverse electric mode. However reflection produces a
small amount of the upgoing transverse electric mode which reaches
a maximum at a depth of about two km., near the conductivity
maximum.

4.14 Wave Fields

The wave fields of the incident slow wave are shown in
Figure 4.5. The magnitudes of the electric and magnetic fields
are all relative to the values at 4000 km. If the magnctic field values
are multiplied by a factor of 8.33 the B field is then obtained in gammas.
The electric field is read directly in volts/meter.

The incident slow wave disturhance is primarily transverse
magnetic at the top of the ionosphere and becomes transverse electric
in the ground. In the region above 1000 km. a standing wave
character is exhibited and is due to reflection from tiw interface separating
the anisotropic region above 1000 km. from the quasi-isotropic region
ktelow 1000 km. Standing waves are also seen in the region between
150 and 1000 km. and are due to reflection with!{n this isotropic region.

Standing waves are still discernible down through the D region
and neutral atmosphere but are of considerably longer wavelengths than

were seen in the F region. The y component of the magnetic field
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decreases and the z component of the electric field increaszs through
the D region due to coupling caused by the localized disturbance.

In the neutral atmosphere the z component of the electric field persists
and raust result in charge separaticn between the lower ionosphere

and ground level.

The x component of the magnetic field grows gradually throughout
the F region and becomes nearly equal to thc y component in the E region.
The x and y raagnetic field components are again separated in the D
region due to coupling. Inspection of the magnetic component change
with altitude reveals that whenever the x - component is dominant on
the ground, the y - componant is dominant at 40Cv km,

The electric field has a similar behavior with the x and y
components being well separated in the D and F regions bechuse of
coupling. In the E region the x and y electric field components are
nearly equal due to the [k region anisotropy.

Within the Earth the electric and magnetic ficlds are horizontal,
suggesting the properties of 8 conductor. The skin depth for thesr
fields within the Earth's surfece is less than one km.

The wave fields for the incident fast wave are depicted in Figure 4.6.
At the top of the lonosphere the disturbance is nefther transverse magnetic
‘nor transverse electric, However, the disturbance is transverse alectric
at all altitudes below 110 km. As was true of the Incident slow wave,

standing waves arediscernible above 250km. with the magnetic field

A em}clope reacking a maximum around the F region ele tron density
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maximum. The field components become well separated in the D region
due to the continuation of the TE mode in free space. At ground level the
magnetic ficld 1s primarily in the x direction and the electric field . ‘1
the y direction. Unlike the incident slow wave no electric field ~
component is gencrated in the neutral atmosphere, Therefore the inciden
fast wave will not generate charge separation between the ground and the
lower ionosphere. Also, the electric field is attenuated by five orders
of magnitude between 4000 km. and the ground. Therefore, the electric
field of a disturbance generaged at 4000 km. may be difficult to observe
on the ground.

The disturbance within the Earth is also transverse electric.

4.15 Wave Field Polarization

The wave field polarizations for the incident slow and fast waves
are given in Figures 4.7 and 4.4, respectively. The labeling of these
graphs is explained in section 3.25,

The electric tield of the incident slow wave is left ellipticallv
polarized in the xy plane at 4000 km. with the major axis in the x
direction. The electric field of the inciden: fast wave is also eliipticaliy
polarized at 4700 km. but in the right hand sei.se. Thus the slow
and fast waves at 4000 km. may be discriminated by observation of the
electric field polarization. The slow and fast modes at 4000 km. may
also be differentiated by observing the magnetic field polarization,
which is left elliptically polarized forthe incident slow wave and right

eiliptically poiarized for the fast wave. However, on the ground the
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electric and magnetic field polarizations in the xy plane are

linear in the same fashion for both the incident slow and incident fast
waves. The two disturbances may be identified on the ground only
by observation of the z component of the electric field, which is zero
for the incident fast wave and non-zerc for the incident slow wave.

The electric and magnetic fields of both the incident slow and
fast waves undergo a polarization reversal in the xy piane at
approximately 1000 km. This polarization reversal is due to the sudden
change of the medium from anisotropic above 1000 km. to quasi-isotropic
below 1000 km. Also the magnetic field of the incident slow wave changes
back to left elliptically polarized in the xy plane at 90 km., which
corresponds to the point at which the x component of the magnetic field
becomes larger than the y component,

The incident fast wave electric field is left circularly poiarized
between 1000 km. and 100 km. and then becomes linearly polarized in
the y direction. The incident slow wave electric field is right
elliptically polarized between 1000 km. and ground surface, at
which itbecomes linearly polarized in the y direction in the xy plane.

Experimental observations indicate that at higb latitudes the Pc 1
signals received on the ground during the day are primarily left
elliptically polarized [Campbell, 1965, 1967, 1968] but that frequently
the signals are right, linearly, or irregularly polarized [Heacock, 1970].
Some evidence [Heacock, 1970] suggests that Pc ] events are a super-

position of two or more events and Pope [1964] has attempted to explain
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the polarization behavior of Pc 1 events in terms of a superposition

of successive rising tone signals, the resultant polarization sense of
which is determined by the relative magnitudes of the signals and the
relative inclination of their polarization axes. More recently Campbell
[1967] has concluded from observational evidence of Pc 1 attenuation
characteristics and excellent geomagnetic conjugacy that the signals
received at ground level are L waves having R wave characteristic
absorption.

Experimental workers {&.g., Heacock [1970)) indicate a
complexity in the polarization of Pc 1 signals observed at auroral zone
stations., The results of the present work indicate that the first
inde'pendent wave, having left handed elliptical polarization at the top
of the ionosphere, shows less attenuation in the course of ionospheric
transmission than the second independent wave, the polarizatioi. of
which is right handed and almost circular at the top ot .he ionosphere.
This result agrees with Campbeli's implication, which was in
contradiction with the expectation from the case of an infinite plane
wave in a uniform plasma. Although this agreement comes essentially
from the consequence of magneto-ionic coupling the actual process is
not so simple.

In the present model of the ionosphere, together with the
localization of the disturbance in the x-direction, mode interchange
happens at slightly above 1000 km, and at 150 km., Between these

levels, the medium is essentially isotropic, so that there is no
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appreciable difference in the attenuation of two characteristic waves.
The differentiation of attenuation occurs only in the E and D regions.
ks seen from Figure 4.4 the incident "L" wave consists mainly of the
slow mode, whereas the incident "R" wave is comprised of both the
fast and slow modes. By virtue of the mode coupling around the upper
mode~interchange level, the incident "L" wave becomes a compcsite
wave of slow and fast modes with the same magnitude in the upper

F region, while the incident "R" wave becomes a rather pure slow miode
in that region. Then, a mode interchanqe again occurs at 150 km.
Below this level, the differentiation in the attenuation of different
modes becomes obvious. As a result, the incident "R" wave {5 more
attenuated, compared to the incident "L" wave.

In contrast with Heacock's observatioral findings, which show a
change of the rotation sense of wave polarization from one location to
another and from one u.casion to another, the present analysis gives
only linear polarization in the x-direction on the ground. The same
result was obtained at different frequencies in the ULF range. This is
a consequence of the assumption that the disturbance is localized only
in the x~direction. In other words the one dimensional localization is
equivalent to the specification of the dominant TE mode in the free
space between the ionosphere and the Earth's surface. From this
analysis the conjecture may be made that if the disturbance function
is of the form é-M- éh\m‘ the resultant polarization can be ellintical

and the sense of rotation is determined by the sign of the ratio WA ,
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Also, there is observational evidence showing the structural
ionization across the auroral zone, in particular, during auroral events,
so that Pc 1 wave disturbances may be confined in the vicinity of the
structural ionization, such as the auroral column and/or the auroral
arc. On some occasions, Pc 1 waves can be trapped between two
sheets of the auroral arcs. Therefore, in order to clarify the spatial
change of the polarization rotation sense, the wave guide mode
propagating along the structural ionization observed in the auroral zone
must be examined by taking into account a certain bi-directional
disturbance function. Thus, as far as auroral zone phenomena are
concerned, the assumption of an infinite plane wave in a uniform plasma
is not sufficient to account for various complexities in the nature of
the phenomena,

Also, the present results give larger attenuation for both the
incident "L" and "R" waves than given by previous investigations.

In addition, the present work shows a greater difference between the
incident "L" and "R" wave attenuations than predicted by previous
investigators. These differences are attributed to the inclusion of the
ion resonant charge exchange processes.

Theoretical studies [Altman and Fijalkow, 1963, 1969; Altman and
Cory, 196¢] have suggested that intermode coupling channels energy
from L to R modes in the upper E region. These studies have concluded
that the coupling increases as the angle between the wave normal and the

magnetic field increases. Heacock [1970) reconciles his dual-site
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(College and Kotzebue, Alaska) polarization differences by invoking
Altman and Fifalkow's L-to-R coupling, assuming that Colleye and
Kotzebue are both at the feet of the disturbance source lines, and
assuming that flaring out of the L-wave ray bundle occurs as the
waves propagate through the F region. Large amplitude L sense
should then be observed near the center of the disturbed field line
region and the polarization should change gradually to R sense with
decreasing amplitude as the distance increases radially from the

center of the disturbed region.
4,2 Localized Disturbance at 1/3 c/s.

4.2]1 Booker Quartic Roots

Table 4.2 summarizes the properties of the slow and fast
wave disturbances at 1/3 c/s in the various regions of the Earth's
environment. The Booker quartic roots are presented in Figure 4.9,
The labeling of these cuives is the same as that used in section
3.21. The actual values of the indices of refraction for propagation
in the @-direction are obtained by muitiplying the values obtained
from the curves by a factor of 22.5.

Above 600 km. the region is anisotropic and the slow wave is
propagating and the fast wave is evanescent. From magneto-ionic
theory one would expect that both the slow and fast modes would be
propagating through this region because the wave frequency is less
than the fon cyclotron gyrofrequency. However, the dispersion

relation given in section 2,2 shows that abo.e 600 km. the Booker
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quartic roots for the fast and slow waves are given approximately by
g, =il
$
3
7.
= | .
%.s "Y \E-.u \ ]

respectively, where f is the Fourier number,

= Oii and r = z—-x——'“R"
Zu W, e |

At 300 km. these waves are given by
RG]
% ~lr (12 - %))
i
= ‘_V\(%\En;l ) ]1

%, = \'-rx\ 24.(. ‘ -ri

Thus the imaginary part of the Pedersen conductivity increases
2
sufficiently to overcome the localization factor‘%— and enables the
r
fast wave to become propagating. This effect holds true for the

region 200-600 km ., which {s quasi{-isotropic and both modes are

propagating. The real parts of the quartic roots become nearly

equai to the imaginary parts and this region theretfore is similar to

a metal. Later in the analysis this conducting region will be seen
to serve 4s a wavegujde for the fast mode.
Between about 200 km. and 70 km. the slow mode {s propagating

and the fast modc is evanescent. Therefore the propagating region




for the fast mode is sandwiched between two strongly evanescent
regions and energy trapping of the fast wave occurs between approxi-
mately 200 and 600 km.

Charge exchange has basically the same effect on the quartic
roots at 0.333 c/s as at 3.0 ¢/s. However, at the lower frequency
the coupling coefficients are becoming comparable irn magnitude
to the quartic roots and may somewhat mask the effects of charge
exchange. Nevertheless some absorption still takes place between
about 160 km. and 220 km. where the quartic roots are still larger
than the coupling coefficients.

Both the slow and fast modes are evanescent in the quasi-
isotropic portion of the D region below 70 km. The neutral atmosphere
and the Earth's interior are {sotropic. The quartic roots for the neutral
atmosphere are once again pure imaginary due to the localized nature of
the disturbance.

4.22 Magneto-ionic Coupling Coefficients

Figure 4.10 shows the altitude dependencc of the magneto-ionic
coupling coefficients for the locaiized disturbance at 1/3 ¢/s. These
curves have the same labeling as those analyzed in section 3.22.
Reflection type coupling is most important dowa to 300 km, Coefficients
for the reflection of the slow wave are greater than those for the
reflection of the fast wave above ahout 700 km. The reflection
coefficients for the fast mode increase rapidly between 1000 km. and

600 km. due to the rapid chance in the mediur charaater
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from highly anisotropic to isotropic in the region between 200
and 600 km. The coupling coefficients for reflection of the slow
wave are the same order of magnitude as the slow wave quartic r

roots throughout the F region. The coupling coefficients for

Bandihaiing

reflection of the fast wave are smaller than the fast wave quartic roots
above 700 km. but become larger than the quartic roots in the region
200-600 km, Thus energy from the fast wave is trapped in this

conducting region, which behaves as a waveguide for the fast wave.

Mode coupling continuously increases throughout the F region and
reaches a maximum around the F region maximum. Mode reflection type
coupling also appears in the F region but is of les:s importance than pure
mode coupling. Once again in the E region reflection type coupling
is important. In fact, for both modes the reflection coupling coefficients
are larger than the quartic roots. There is little mode coupling in the
E region as evidenced by the good separation of the quartic roots for the
siow and fast modes. Mode coupling and mode reflection type
coupling both become much larger than the quartic roots in the lower
D region. Thus mode coupling is important in the D and F regions and
unimportant in the E region. This result seems to be in contradiction
to the suggestion made by Heacock [1970].

Reflection type coupling occurs with... the surface layer of the
Earth and is a maximum at a depth of about 2.5 km. This reflection
region correspends to the rapid change in the earth conductivity. In

this region the coupling coefficlents are smaller than the quartic roots

1-79




R

but are of comparable magnitude at a depth of 2.5 km.
4,23 Characteristic Wave Mixing Ratios
The mixing ratios for the incident slow and fast waves at

1/3 ¢/s are given in Figure 4.11. The labeling of these curves is the

same as that used in section 3.23.

For the incident slow wave the downgoing and upgoing slow waves

are of similar magnitude throughout the F region, indicating that
reflection is continucusly taking place. The downgoing and upgoing
fast waves are gradualiy generated by mode coupling. In the D and
E regions the upgoing and downgoing waves are of similar magnitude
which indicates that standing waves are formed and that the D and E
regions behave as a waveguide for the incident slow wave. In the
neutral atmosphere the transverse electric mode is dominant over
the transverse magnetic mode. Also almost completé reflection takes
place at ground surface. Thus the Earth is a good conductor even

at such a low frequency. Inside the Earth the downgolng transverse
electric mode is dominant but the upgoing transverse electric mode
is also present due to reflection.

The mixing ratios for the fast mode decrease by three orders of
magnitude between 4000 km. and 1000 km. and by four orders of
magnitude vetween 4000 km. and ground level. Therefore even if a
disturbance arrives as a fast wave at 4000 km. it might not be sean on
the ground. If the fast mode is generated by a disturbance below

1000 km. the wave is more likely to be observed on the ground. Below
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600 km. the downgoing and upgoing waves become similar in magnitude 1
and show that the region between about 250 km. and 600 km. serves as 1
a waveguide for the fast wave. In the neutral atmosphere the transverse ‘1
electric mode is the only mode present and almost complete reflection ;
of this mode takes place on the ground. The downgoing transverse 4
electric mode is dominant in the Earth but the upgoing transverse |
electric mode is also present to a small degree due to refiection.
4.24 Wave Fields
The wave fields of the incident slow mode are shown in
Figure 4.12. The magnitudes of the electric and magnetic fields are
all relative to the values at 4000 km. If the magnetic field values are
multiplied by a factor of 75 the B field is then obtained in gammas. The i
electric field is read directly in volts/meter.
The incident slow mode disturbance is transverse magnetic at
the top of the ionosphere and becomes transverse electric within the
ground. The y component of the magnetic field increases through the
F region and reaches a maximum around 300 km. Magnetic energy is being
stored in the region 200-600 km, The y component of the magr:etic
field then decreases in may.. : through the D and E regions. The
x and z components of the magnetic field increase through the F region
due to mode coupling and exhibit somewhat of a standing wave character
below about 300 km. The x and z components of the magnetic field
become dominant over the y component below 100 km. The x component

of the magnetic field is seen in Figure 4,12 to be dominant on the
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ground whereas the y compcnent is dominant at 4000 km,

The electric field is in the x direction at the top of the ionosphere
but in the z direction at ground level. The y component grows in
magnitude through the F region and becomes equal to the x component
around 150 km, Below this level the x and y components exhibit a
standing wave formation. Below about 90 km. the x and y components
become somewhat separated in the D region. The z component
also increases in magnitude through this low conducting region and
becomes dominant in the neutral atmosphere. Therefore charge separation
must occur between the Earth's surface and the lower ionosphere. Both
the electric and magnetic fields decrease logarithmically within the
Earth. Even at this low frequency the Earth is a good conductor.

The wave fields for the incident fast wave are shown in Figure
4.13, Both the electric and magnetic fields of this disturbance are
attenuated by three orders of magnitude between 4000 and 1000 km.

The magnetic field is attenuated by four orders of magnitude between
4000 km. and ground level and the electric field is attenuated by seven
orders of magnitude in the same altitude range. Therefore an incident
fast wave arriving at 4000 km. may be difficult to observe on the
ground. A fast mode disturbance generated below 1000 km. would be
more easily observed. The incident fast wave is transverse electric
throughout the ionosphere, neutral atmosphere and the Earth's interior,
with the exception of the region between 200 and 600 km. altitude

where strong coupling causes the x and y components of the electric
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field to be nearly equal. A z component of the electric field is
generated in the lower D region but unlike the incident slow mode
the z component of the electric field does not appear in the neutral
atmosphere or on the ground.

4.25 Wave Field Polarization

The wave field polarizations for the incident slow and fast
waves are given in Figures 4.14 and 4.15, respectively. These
figures are interpreted in the same manner outlined in section 3,25.
The polarization characteristics of the resultant waves at this frequency
(0.333 ¢/s), which is near the lower limit of the Pc 1 frequency range,
are also in agreement with Campbell's [1967] suggestion that the signal
observed on the ground represents a disturbance which has propagated
through the .onosphere with R mode attenuation. The incident slow
mode magnetic field is linearly polarized down to 250 km. where it
then becomes right elliptically polarized. At 110 km. the magnetic
field changes to left elliptically polarized and then to linearly polarized
in the D region. The electric wave field of the incident slow mode §3
linearly polarized down to 250 km. and then becomes right elliptically
polarized, remaining as such down to ground level where the polarization
is linear. Thus the i{ncident slow mode basically has R mode charac-
teristics and is less attenuated than the incident fast wave.

The incident fast wave magnetic field is linearly polarized at
4000 km., changes to left e!liptically polarized at 1000 km., and

remains left elliptically polarized down to the Dregion where it becomes
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linearly polarized again. The wave electric field has the same
polarization characteristics as the magnetic field in the xy plane
except that the major axes of the polarization curves are approximately
at 90° to each other. Therefore the incident fast mode is found to be
in the L mode throughout most of the ionosphere and is more attenuated
than the incident slow wave.

If the bi-directional disturbance function is assumed to be of
the form e-'\)s e"“""'* , an elliptically polarized wave may then
appear at ground level.

4.3 Localized Disturbance at 1/300 c/s

4.31 Booker Quartic Roots

Table 4.3 summarizes the properties of the slow and fast wave
localized disturbances at 1/300 ¢/s in the various regions of the Earth's
environment. Figure 4.16 shows the altitude dependence of the Booker
quartic roots. The indices of refraction for propagation in the z-direction
are obtained by multiplying the values obtained from the curves in
Figure 4.16 by a factor of 2.25 x 103.

The quartic roots reveal that the ionosphere {s anisotrupic
throughout. The siow wave is propagating down to about 80 km, where
it becomes evanescent. The fast wave is highly evanescent throughout
the entire _onosphere. This i8 similar to the fast wave disturbance at
1/3 ¢/8. which was evanescent above 600 km. The same reason given
to expl¢ in the evanescence of the fast wave in the Pc ] frequency range

may also be given to explain the evanescence of tl:¢c fast wave in the
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Pc 5 frequency range. The dispersion relation given in section 2.2
predicts that above 200 km. the Booker quartic roots for the fast

and slow waves are given approximately by
% - il
2 1
s~ [r ‘ ZJ.L l ]

Thus the disturbance factor £ is sufficiently large to cause the fast
wave to become evanescent,

At approximately 200 km. the real and imaginary parts of the
quartic roots for the slow wave become nearly equal. Also the real
part of the quartic root of the fast wave increases rapidly, reaching
a maximum at about 150 km. but remaining a factor of two less than
the imaginary part. Consequently mode coupling becomes large in
this region.

From the dispersion relation it may be shown that at 200 km.

the fast and slow waves are approximated by
L
% 2 >
% ={-L+ir S
- <
(%s:: &_ur :Eer.}

The rapid increase of the real part of the Pedersen conductivity with
decreasing altitude causes the real part of the fast wave quartic root

to approach the imaginary part, but the increase in Z is not
LY
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sufficient to overcome the disturhance factor fand to allow the fast
wave to become propagating.

Between 150 km. and 600 km. E)x. is enhanced by as much
as an order of magnitude when the effect of charge exchange of
oY with Ois included. Therefore the effect of charge exchange is
cause the siow wave to become more propagating and the fast wave to
approach more rapidly toward propagating conditions.

The real and imaginary parts of the quartic roots for the slow
wave again become unequal in the E region below 150 km. so that the slow
wave is highiy propagating in this region.

Once again the quartic roots are pure imeginary in the neutral
atmosphere due to the presence of localization in the horizontal direction
of the disturbance. Also, the interior of the Earth is like a metal.

4,32 Magneto-ionic Coupling Coafficients

Figure 4.17 shows the altitude dependence of the magneto-ionic
coupling coefficients for the localized disturbance at 1/300 ¢/s. These
curves have the same labeling as those analyzed in section 3.22.

Reflection type coupling for both the slow and fast waves is seen
to be the dominant type of coupling above the F region. In fact
the coupling coefficients are everywhere larger than Re [qg],
indicating that the coupling coefficients are more important than the
quartic roots in determining the final wave characteristics. In the region
150-250 km. mode coupling and mode reflection type coupling become

important due to the fac* that the medium is becoming isotropic.
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As will be shown later, across this mode coupling region the incident
slow wave changes from quasi-TM at the higher altitudes to quasi-TE
at the lower altitudes.

In the E region reflection type coupling once again dominates for
the slow wave. Mode coupling becomes very large in the lower D
region, which was also true at higher frequerncies and was shown to be
caused by the localization of the disturbance. For the fast wave mode
coupling is most important throughout the lower isonosphere.

Reflection type coupling occurs within the surface layer of the
Earth between 1.2 km. and 3.5 km. depth and is a maximum at a depth
of 2.5 km. At all depths within this reflection layer the reflection
type coupling coefficients are larger than the quartic roots. This
reflection region is caused by the rapid change in the earth conductivity.
The mixing ratios reveal that a reflected TE wave is generated by the
reflection coupling.

4,33 Characteristic Wave Mixing Ratios

The characteristic wave mixing ratios for the incident slow and
fast waves are given in Figure 4.18. These curves have the same
labeling as those analyzed in section 3.23.

For the incident slow wave the downgoing and upgoing slow waves
are approximately equal above the F region, indicating that reflection is
continuously taking place. The downgoing and upgoing fast waves are
generated around the F region max as a result of mode and mode reflection

type coupling. After passing through the strong mode coupling region,
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all the characteristic waves become the same order of magnitude. Below
150 km. in the D and E regions mixing of the characteristic waves is
quite good due to mode coupling and mode reflection type coupling.

In the neutral atmosphere the waves are mostly transverse magnetic

but with a small amount of transverse electric waves present. The
surface of the Earth acts as a yood conductor even at Pc 5 frequencies,
although the fields are able to penetrate more deeply than it the higher
frequencies. Within the Earth the resultant wave is primarily downgoing
transverse electric.

The incident fast wave consists primarily of the downgoing fast
characteristic wave at the top of th- ionosphere. This character
predominates down to below the F region maximum, because of the
constancy of Im [qf] throughout the higher region. Around the F region
maximum the slow characteristic waves are generated by the mode and
mode reflection type coupling. At higher altitudes a similar behavior
is seen in the variation of the slow wave components contained in the
initial slow and fast modes. Therefore, the slow wave components in
the incident fast wave can be thought of as being included at incidence.
The upgoing fast wave originates around the F region maximum where
reflection type coupling is strong. The incident fast wave is highly
attenuated and has decreased in magnitude by three orders of magnitude
at 1000 km,

Although the mixing ratios in the neutial atmosphere show a

predominance of the TM mode, the reflection of the TM mode at ground
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surface is almost perfect in the sense that the downgoing and upgoing
components have the same magnitude and are 180° out of phase. As a
result, the TM upgoing and downgoing waves cancel each other. On
the other hand, while the TE mode mixing ratios are much smaller than
those for the TM mode, the reflection of the TE mode at ground surface
is .ot perfect; the incoming and reflected waves are almost in phase
and additive. Consequently, the TE upgoing and downgoing waves
interfere constructively in free space, instead of destructively, as is
the case of the TM mode. Therefore, the TE - like wave field remains
in the neutral atmosphere, as will be seen later.

Within the ground the resultant wave is transverse electric with some
reflection taking place. This mode also penetrates to greater depths at
this frequency than at higher frequencies.

4.34 Wave fields

The wave fields of the incident fast wave are shown in Figure 4.19.

The magnitudes of the electric and magnetic fields are all relative to
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the values at 4000 km. If the magnetic ifeld values are multiplied by a
factor of 7500 the B field is then obtained in gammas. The electric
field is read directly in volts/meter.

The incident fast wave is essentially transverse electric throughout
the entire region of consideration. No obvious standing waves are
visible in the wave field envelopes as there were at the higher frequencies
considered in this investigation. The wave fields are already attenuated
by three orders of magnitude at 1000 km. At ground level the magnetic
and electric fields are attenuated by four and five orders of magnitude,
respectively, compared to the values at 4000 km. Consequently it seems
likely that the incident fast wave may be difficult to observe at ground
level. A small amount of electric field z-component is gererated in the
lower D region due to the localized disturbance effect, but no electric
field z-component is generatedin the neutral atmosphere. Therefore the
incident fast wave will not produce charze separation between the lower
ionosphere and ground level.

The presence of the z component of the magnetic fieid throughout
the entire region of consideration is also a consequence of the localization
of the disturbance. In other words this mode i1s mostly of TE character and
the magnetic z-component persists everywhere. For the plane wave case a
z-component of the magnatic ticld does not appear.

i th? ground the fields are attenuated logarithmically but penetrate
to areater depths than at higher frequencies,

The wave fields of the incident slow wave are depicted in Figure
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4.20. This disturbance is transverse magnetic above the F region
maximum and is transforme.. into transverse electric below the ionosphere.
The transition takes place between the F region maximum and 100 km.
Within the transition layer the magnetic field character changes from
TM to TE due to the presence of mode coupling. However, the character
of the electric field does not change across the transition layer. The
electric field mode change cccurs abruptly at the lower boundary of
the ionosphere.

Within the transition layer between 200 km. and 100 km. a
horizontal electric current flows rather strongly and gives rise to a
steep change in the x and y magnetic components. This electric current
layer is necessary for the transition from TM-like at higher altitudes to
TE-like at lower 1ltitudes. Also it should be stressed here that whenever
the disturbance is specified by a large localizing factor in the x-direction,
the wave field ougiat to behave as a TE mode in the neutral atmosphere,
which is bounded by the conducting earth and the ionosphere. Moreover,
it is interesting that the electric current layer coincides with the
maximum conduction ragion of the ionospherc (See Part [I),

in the lower D region, where the conductivity is rather love, a
- component of the electric field appears as a result of the iccalized
nature of the disturbance. Th? electric ficld z-component persist:
throughout the neutral atmosphere and must cause charge separation to
occur hetwecn the lower jonosphere and ground surface. This cifect

1s not observed for the incident fast wave or the i1ncilent plane wave,
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The incident slow wave is not severely attenuated between 4000 km.
and ground level whereas the incident fast wave is severly
attenuated. Infact.he value of the clectric field z-component of the
incident slow wave at giound surface is enhanced by a factor of
four over the x-component of the electric field at 4000 km.

4,35 Wave Field Polarization

In Figure 4.21 the incideiit fast wave is seen to have the
magnetic and electric fields linearly polarized in the horizontal
plane in the x =~d y directions, respectively, throughout the
ionosphere and at ground level. However, for the magnetic fieid
th xz plane is 1 ost important because the x and z magnetic field

.
components are dominant throughout the entire region of consideration.
In the xz plane the incident iust wave is right circuiarly polarized
at 4000 km. and right elliptically polarized at ground level, The
intervening ionosphere serves to modify the wave from circular
to elliptical polarization.

The incident fast wave is seen to be compressive in the

-hy -

presence of the EXB drift at high altitudes. As was
secen in the wave fields in Figure 4.19, this localized compressive
mode is highly attenuated in the form of an evanescent wave, even
at high altitudes. Therefore, the conclusion is drawn that a
localized disturbance of compressive nature cannot be transmitted
along a magnetic field line down to ground surface as long as the

cold plasma approximation is made,
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At 4000 km, the wave normal direction for the incident slow wave
is almost perpendicular to the magnetic field line because of the stmallness
of Re [qg]. At the higher altitudes this wave is torsional, i. e., an
Alfven wave, and is almost linearly polarized (Figure 4.22). This
torsional localized disturbance is quite well transmitted down to
ground ieve!. However, as already seen in the wave fields (Figure 4.20),
a mode change from torsional at higher altitudes to rather compressional
at lower altituces takes place across the good conducting region centered
on 150 km. Therefore, the ionospheric conducting region acts as a
surface current layer separating the upper ionosphere of hydromagnetic
character from the lower poorly conducting ionsophere. Because of the
strong localization in the horizontal direction and of the difference in
the reflection at the ground surface netween the TE and TM modes, the
wave in free space is forced to be of TE character. The mode conversion
which takes place between higher and lower regions gives rise to the
surface current layer in the gcod conducting region of the ionosphere.
The incident fast wave maintains the TE character throughout the
entire region under consideration, so that any obvious surface current
layer does not appear.

Thus, from the present analysis, it may be concluded that a
torsional disturbance, even if localized, can penetrate from the
magnetosphere down to the ground surface. However, a localized
compressional disturbance can not be observed c¢f the ground because

of its evanescent character in the high i rere andinthe magnetosphere,
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Localized torsional waves resulting from the Kelvin-Helmholtz
instability at the magnetopause (Dungey [1955), Parker [1958], and
Southwood [1968]) may be cbserved on the ground. However, those
waves should be largely modified in their modes in transimission
across the electric current layer of {he ionosphere.

In the present work, the disturbance localization is assumed to
be in the x-direction only. As a result, the major magnetic component
at the ground surface is always in the direction of localization at
all the ULF frequencies analyzed, so that linear polarization occurs
on the ground. Thus, the wave polarization of the magnetic field on
the ground is quite sensitive to the localization of the disturbance.

Consequently, the polarization of the wave disturhances generated
in the magnetosphere is difficult to infer from the magnetic polarization
observed on the ground unless the localization of the disturbance is
precisely known, For example, when a disturbance is localized in

~AX eik,mg

two directions and is of the form e an elliptically
polarized wave may possibly result on the ground. Dungey and
Southwood [1970] have stressed the importance of the neutral
atmosphere and of the localization of the disturbance in determining
the modification of hydromagnetic waves transmitted through the
ionosphere. The modification of the wave character by different
localizations and incident wave polarizations must thereforae he

carefully examined,

From the present analysis, a vertical magnctic component at
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the Earth's surface is found to be associated with all localized disturbance
cases. Geomagnetic micropulsations observed in the auroral zones
a'lways contain a vertical magnetic component. The inference may then
be made that the geomagnetic micropulsations observed at the auroral
zone stations are originally localized disturbances.

As Heacock [1970] and Tartaglia [1970] have shown, the wave
polarization observed in the auroral zone depends on the location of
the observatory relative to the center of the disturbance. This fact
also suggests that the disturbances occurring in the auroral zone are
localized. Thus, to discuss the observed wave polarization in terms
of plane waves in a uniform plasma is not so meaningful.

4.36 Comparision of Localized Disturbance and Plane Wave Cases

at 1/300 ¢/s

In contrast with the localized disturbance the plane wave case is
isotropic above 250 km. Both the slow and fast wave quartic roots have
the same values above 250 km. as the slow wave quartic roots of the
localized disturbance. Below this level the plane wave case is also
anisotropic but the behavior of the plane wave quartic roots is differant
from the localized disturbance quartic roots in the lower ionosphere
(See Figure 4.23). The medium character is summarized in Table 4.4.

The quartic roots indicate the slow mode for the plane wave case
is propagating throughout the ionosphere whereas the fast mode is
propagating down to about 250 km,, below which the fast mode is

evanescent. In contrast, for the l~rcalized disturbance case the slow
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mode is propagating down to about 80 km. where it becomes evanescent
and the fast mode is evanescent throughout the ioncspi 2re.
From the dispersion relation of section 2.2 the quartic rcots for

the plane wave case above 800 km. are given approximately by

%’[VLlZ.LJ]J’:

for both the slow and fast waves. Because the disturbanc. factor [ is
zero, both modes ¢ ;e propagating. Between 250 km. and 450 k 1. the

slow and fast wave yuartic roots are both given approximatel by

=1tz | T

The effect of charge exchange on the Booker quartic roots is shown
in Figure 4.24. Charge exchange of O* with O significantly enhances
the real part of the Pedersen conductivity in the region 200-500 km. and
causes this region to be metallic, ie., the real und imaginary parts of
the quartic rcots are equal. If charge exchange is neglected this metaliic
regior cccurs between 200 km. and 250 km,

Although charge exchange considerably enlarges the imaginary
parts of the quartic roots, and hence absorption, in this regior the
wavelength is so large that the ifonosphere is still almost completely
transparent to the disturbance. Alsc at this frequency the coupling
coefficients are larger than the quartic roots and are thc dominant

factor in determining the iinal form of the wavc fields.
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The neutral atmosphere behaves as free space to the plane wave
and as an elastic evanescent region to the localized disturbance. The
interior of the Earth is isotropic for the plane wave and the localized
disturbance, both of which have the same values for the quartic roots.

For the plane wave the coupling coefficients are the same for
both the slow and fast modes. Also, the plane wave coupling
coefficients are the same as the coupling coefficients of the localized
slow mode except that the mode coupling and mode reflection
type coupling terms are absent from the plane wave case (See Figure 4.25},
Consequently reflection type coupling is dominant for the plane wave
case: mode coupling and mode reflection type coupling arc a result
of the localized nature of the disturbance.

The mixing ratios reveal that the slow mode plane wave is transverse
magnetic at 4000 km. and inside the Earth. This fact is also borne out
by the wave fields. The localized slow mode was scen to change from
transverse magnetic at 4000 km, to transverse o'~ctric inside the Earth.
The {ncident fast mode is trarsverse electric at ail cltitudes for the
plane wave and localized disturbance cases.

The wave fields for the plane wave (Figurcs 4.2 and 4.27) revcal
that the z components of the electric and magaetic fields are zero.
Therefore the plane wave will not induce anyv surtace charge at the bottom
o! the lower 1onosphere and at ground. Also, the electric field of the
slow mode plane wave is attenuated by only one order of rmagnitude

between 4000 km. and ground surface and the magnciic field is completely
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unattenuated down to the Farth's surface. Thus the Earth's ionosphere
and atmosphere are nearly transparent to the incident slow mode plane wave,

The electric field of the incident fast mode plane wave is attenuated
by two orders of magnitude and the magnetic field is completely
unattenuated hetween 4000 km. and ground surface. For the localized
case the magnetic and electric wave fields of the incident fast mode
were attenuated by four and five orders of magnitude, respectively,
between 4000 km. and the Earth's surface. Consequently, introduction
of the localizing eflfect causes the fast mode to be much more severely
attennated.

The wave polarization is almost linear at every height for both
the slow and fast plane wave cases. However, at higher altitudes
for the fast wave and at lower altitudes for the slow wave, a slight
ellipticity is discernible. The rotation sense is right handed for
the slow wave and left handed for the fast wave. The hydromagnetic
wave polarization in a collisionless cold plasma should be basically
linear (See Stix [1962]). However, elliptical polarization may result
when collisions are taken into account, because of the greater effect
of collisions on the dispersion relation at hydromagnetic frequencies
than at higher frequencies. Thus, the small ellipticity in the wave

polarization results from the effect of collisions.
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5.0 OVERALL COMPARISON OF THE DISTURBANCE PRCPAGATION

CHARACTERISTICS AT THE VARIOUS FREQUENCIES INVESTIGATED

In Tables 5.1 and 5.2 are found some of the physical parameters
of the incident slow and fast modes, respectively, at 5000 km, for
all the frequencies considered in this investigation. The propagation
angle © 1is measured with respect to thc magnetic field line, i.e.,

from the vertical. The quantity S is the skin depth measured in km.

and is aiven by

S X
%
where q; is the imaginary part of the Booker quartic root and Rg is the
Larth's radius in km. The wavelengths )‘x and >\z in the x and z
directions, re;pectively, are given by
X = 2T Re
X Z
| = 2MRe
2 er
where is the Fourier number and q, is the real part of the Booker
quartic root, Notice that at the lower frequencies Az is vely large,
i.e., about 1.6 Ry at 1/3 cps. and 160 Ry at 1/300 cps. for the
incident slow wave,
Reflection coefficients for the various incident slow and fast

mode disturbances are tabulated in Table 5.3. The coefficients are
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e & 3

defined in terms of the mixing ratios at 5000 km. For example, RSf
means the ratio of the upgoing fast wave to the downgoing slow wave at
5000 km., where r is th» modulus of the ratio and © is the phase angle,
Thus R = reie.

At 100 cps. theincident slow mode is almost entirely reflected
due to the ion resonance which is encountered at 1070 km. At 3.0
cps. the incident fast wave is well reflected whereas at 1/3 cps. the
incident slow wave is well reflected., At 1/300 cps. the incident
slow and fast plane waves are almost completely reflected: Tables
5.4 and 5.5 reveal that the transmission coefficients for these waves
are nearly unity at ground level so that most of the reflection takes
place at the Earth's surface,

The transmission coefficients for the clectric and magnetic wav.
ficlds of the fast and slow waves, respectively, arc ‘o'nd in Tables 5.4
and 5.5. As an example the transmission coefficient 'I{‘(z is defined
as the ratio of the magnitude of the electric field 2 component at ground
level to the magnitude ot the electrnic field x component at 4000 km.

T;. 18 defined as the ratio of the magnitude of the total electric field
at ground levei to the magnitude of the total electric field at 4000 km.
The same definitions apply to the m dc field transmissior coefficieats,

In general the incident fast wave transmission coefficients are
smaller than the incident slow wave {ransmission coefficients eaci i

at 100 cps. where the slow wave transmission coefficients are zero

because the fon resonance condition is encountered at 1070 km. and
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none of the slow wave energy is able to penetrate this barrier. The
localized incident fast wave at 100 cps. and the localized incident
slow wave at 1/300 cps. are very efficient in storing electric field
energy in the neutral atmospherce. The transmission coefficient T

of the former is 3.5 times larger than TE for the latter. Also, the
incident slow wave at 1/3 cps. is very efficient at storing magnetic
field energy below the F region due to energy being reflected back and
forth betweern the Earth and the conducting wall appearing between
200 and 600 km. as a result of charge exchange of 0% with O, which
enhances the Pedersen conductivity.

In Table 5.6 a comparison is made of magnetic field transmission
coefficients obtained by various investigators for two different wave
frequencies. For the present work L and R correspond to the incident
slow and incident fast waves, respectively; these are propagating
at 16° and 17°, respectively, at 3.0 cps. and at 0.0° for both modes
at 1/300 cps. The results of Altman and Fijalkow [1968] were obtained
for vertical propagation but with the magnetic field inclined at 20°
from the vertical. The results of E.7. Field [1963] were obtained for
vertical polar propagation; L corresponds to the ordinary mode and R
corresponds to the extraordinary mcde. Notice that the L (R) results
of the present work at 3.0 cps. correspond more closely to the R
(L) results of Field. This is due to the fact that the incident slow
(fast) wave reverses polarization and propagates through the ionosphere

primarily in the R (L) mode. Altman and Fijalkow also found that energy
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Freg |
/s) INVESTIGATOR L R
~2 -3
Shaeffer & Inoue {2,25x10 1.06x10
!
-3 -2 |
3.0 E.C. Field 2x10 8.5x10
Altman
and 2.5%10"2
Fijalkow
Shaeffer & Inoue |9.81x10° % |9, 79x10"l
1/300 Greifinger
and 2x10° ‘
Greifinger
4
TABLE 5.6 Comparison of magnetic field transmission

coefficients obtained by var:.us investigators
for two different wave frequencies,

1-126




was being fed from L to R in transmission through the ionosphere.
Greifinger and Greifinger also considered polar propagation and

found somewhat larcer transmission coefficients than what the present
investigation reveals.

Campbell [1967] compiled attenuation factors computed by various
investigators (Bkasofu, 1965; Francis and Karplus, 1960; Greifinger and
Greifinger, 1965a; Karplus et. al., 1962; Prince et. al., 1964;
Wentworth, 1964) and found that Pcl signals were reduced to about
0.5-0.7at0.5cps. and 0.2 - 0.5 at 1.0 cps. of the initial amplitudes
at the top of the ionosphere in transmission through the daytime
ionosphere at midlatitudes. The present work found transmission
coefficients which were much smaller at 3.0 cps. for the incident
slow and fast waves and at 1/3 c¢ps. for the incident slow wave; however,
the transmission coefficient for the incident slow wave at 1/3 cps. was

greater than unity.

The discrepancies of these results with Campbell's conciusions
may be attributed to several factors.

1. Previous works divided the medium into thick layers with gross
properties, whereas this work considers a large number of slabs in
which the ionospheric parameters vary continuously with altitude.

2. Incident plane waves were assumed in previous investigations

whereas in this work a localized disturbance was considered.

3. PResonant charge exchange collisions have apparently heretofore

been neglected. This process has been found to be important in determining
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the final wave fields in the Pcl range.

4, Campktell's results were based on the measurement of one
component only. Table 5.5 shows that this may lead to completely
erroneous conclusions. Here, at 3.0 cps. for the incident slow mode,
Tix is approximately 0.1 but TB is 2.25 x 10_.2 Thus three component
measurements are in general necessary.

In Tables 5.7 and 5.8 are given the magnitudes of th~ electric
and magnetic wave fields, predicted from the full wave calculations,
at various altitudes for typical observed values, given in the doubly
ruled boxes, at some given height. For the incident fast wave the
100 milligamma magnetic field strength at the altitude h; (364 km.)
is based on the measurements of Scarf et. al. [1968]. At the other
frequencies for the incident fast wave typical ground observed magnetic
field values are chosen, e.g., see Campbell [1968]. Also, for the
Pcl and Pc5 frequencies the intermediate height hi is 120 km,

Notice that the localized disturbances at 1/3 and 1/300 c¢ps. (Table 5.7)
require uncommonly high magnetic field values at 4000 km. in order

to observe a typical ground measurement of 0.2 and 50 gammas,
respectively. Therefore the incident fast waves with the Fourier number
L equal to 10A42' at 1/3 and 1/300 cps. appear to be banished from

the realm of reality.

Consider the case where the magnetospheric plasma at 4000 km.
is moving perpendicular to the Farth's magnetic field with a drift

velocity of 0.4 km/sec. (values as high as 1 km./sec. have been
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observed, e.y., see Parker [1968], p. 21). For a steady magnetic field

5

value of 1077 wh,/m“ the electric field generated at 4000 km. by

this drifting plasma is given by

-dn -t e
E=V x B
- -3
or ITl= 4 x 107" volts/m.

If the plasma is modulated at a frequency oi 1/300 cps. this electric
field value is precisely what is needed by either the inc.dent fast or slow
plane wave in order to generate a 50 gamma Pc5 disturbance at ground
level. In like manner plasma drift velocities between 0.1 and 1.0
km./sec.,, modulated at the appropriate frequency, are suffic:ent for the
incident slow waves considered in this investigation (Table 5.8) to
excite typical ground observed magnetic field disturbances in the Pcl

and PcS frequency ranges,
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6.0 CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

A localized disturbance was introduced at ail frequencies con-
sidered in this investigation and was found to have several effects. If
the localization was large compared to the Pedersen conductivity, e.qg.,
at 1/3 and 1/300 c¢/s, then the incident fast wave was evanescent in
the upper regions of the ionosphere. Also, the neutral atmosphere
became an evanescent region and mode coupling became large in the
ionosphere, even for near-vertical incidence, for both the incident
slow and fast modes. Localization resulted in a large vertical electric
field in the neutral atmosphere for the incident fast wave at 100 ¢/s and
for the incident slow waves at 3.0, 1/3, and 1/30u ¢/s.

Coupling of the various magnetoionic characteristic waves was
found to be of importance in determining final wave fields, in particular
at 1/3 ¢/s and 1/300 ¢/s. In fact even for vertical propagation of the
plane wave at 1/300 c/s the coupling coefficients were found to be
larger than the Booker quartic roots throughout almost the entire region
of interest, Also, at 1/300 c/s the incident slow mode was transformed
from transverse magnetic at 4000 km to transverse electric in the Earth
as a result of strong mode coupling which peaked around 150 km,

Inclusion of resonant charge exchange collisions resulted in an
enchanced Pedersen conductivity such that the integrated Pedersen con-
ductivity is approximately 1.5 times the integrated Hall conductivity.

Thus the ionospheric model of Jacobs and Watanabe [1962] for
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hydromagnetic wave propagation which neglected the Pedersen region
must be revised to include two conducting layers. Magnetic energy is
stored in the ionosphere as a result of reflection from the Pedersen
layer, viz ., for the incident fast wave at 100 ¢/s, for the .incident slow
and fast waves at 3.0 ¢/s, and for the incident slow wave at 1/3 ¢/s.
Also, at 1/3 ¢/s magnetic wave caeiuy for the incident fast wave is
stored between about 200 km and 600 km, where the upper limit was
determined by the localizing factor,ewhich caused the incident fast
wave to be evanescent. above 600 km.

Charge exchange also enhances the imaginary part of the quartic
rcots so that some absortion of wave energy takes place in the Pc 1
frequency rangc between approximately 150 km and 250 km. The absorb-
tion effect is not as clear in the Pc 5 frequency range where the coupling
coefficients are everywhere larger than the quartic roots.

On the Earth's surface the cbservable wave field is a residual
between the incoming and reflected waves and is usually small
because of almost perfect reflection. Also, this residual is sensitive
to the conductivity of the Earth's surface. Therefore, the assumption
of a perfectly conducting Earth is not appropriate for the purpose of
comparision of the wave characteristics on the ground and at the top
of the ionosphere. Reflection at the Earth's surface can affect the \
wave fields in the hydromagnetic frequency range throughout the enth‘e
medium being considered. The reflection strongly depends on the fon&

oi ihe disturbance as well as on the conductivity of the ground surface
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layer. Thus, it is worthwhile to investigate the resultant wave field from
the full wave solution by changing the ground surface conductivity and
the functional form of the disturbance. The surface conductivity data
obtained by the Dallas geomagnetic station and used in the present
analysis are perhaps somewhat high compared to data obtained by
stations located in areas of different geological structure.

The incident fast waves with a disturbance factor,e value of |ONZ'
at 1/3 and 1/300 c/s are deemed incapable of being observed on the
ground in view of the extremely high field values necessary at 4000 km
in order to gencrate typical ground observed values.

At 4000 km altitude plasma drift velocities between 0.1 and 1.0
km/sec, modulated at the appropriate frequency, are sufficient for the
incident slow waves considerwd in this investigation (Table 5.8) to
excite typical ground observed magnetic field disturbances in the Pc ]
and Pc 5 frequency ranges.

At 3.0 c/s (Pc 1) the incident slow (fast) mode was found to
undergo polarization reversal at 1000 km and to propsgate through most
of the {onosphiere polarized in the right (left) hand sense, although the
polarization at ground level was linear. In view of the fact that the
incident fast wave 13 highly attenuated, this conclusion seems to be
consistent with Campbell's [1967) hypothesis that ground observed signals

have characteristic R wave absorption in the ionosphere.
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6.2 Recommenditions

In order to determine more fully the nature of electromagnetic
disturbances in the ULF and ELT frequency range the following investi-
gations are considered to be necessary.

1. Narrow band measurements of zlectric and magnetic wave fields
in the ELF frequency range at catcllite altitudes.

2. Polarization and wave field magnitude measurements of micro-
pulsation disturhances at satellite altitudes.

3. Further full wave analysis at different frequencies and varying
ionospheric conditions.

4. Simultaneous observation of satellite and ground based signals.
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1.0 INTRODUCTICN

1.1 Purpose

A study of the electrically conducting properties of the ionosphere
is of particular interest in the problem of wave propagation through the
ionosphere because the dispersion relation may be written in terms of
the various elements of the conductivity tensor. This is effected by
writing Stix's quantities P,R,L,S, and D in terms of the ionosphere's
electrical conductivity. As a result, the height dependent characteristics
of the Booker quartic roots may be examined in terms of the height
dependent behavior of the Hall, Pedcrsen, and parallel conductivities.
1.2 Historical Review

The electrical conductivity of the ionosphere has been of interest
to geophysicists ever since Balfour Stewart [1882] suggested that the
ionospher~ must contain an electrically conducting region in order to
explain geomagnetic quiet daily variations. Stewart theorized that the
solar heating of the upper atmosphere produced convective motions of
conducting air across the Earth's magnetic field lines generating electrical
currents by mean. of a dynamo action,

Stewart's theory was placed on firmer ground by Schuster {1889,
1908] who used a spherical harmonic analysis to show that the quiet daily
variation could originate above the earth and also gave a mathematical
formulation to Stewart's dynamo theory. Kenneily (1902) and Heaviside

(1902] independently inferred the existence of an electrically conducting
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layer which refle ‘s radio waves.

Pedersen [1927] concluded that the presence of the geomagnetic
field renders the ionospheric conductivity anisotropic. Cowling [1932]
then proposed that a transverse component of the electric field not
only produced a current parallel to itself (the magnitude of the current
being determined by the Pedersen conductivity) but also produced a Hall
current in a direction perpendicular to both the electric and magnetic fields.

Application of these ideas has been made to the dynamo theory by
various investigators and the altitude distribution of the conductivity
tensor elements has been calculated (Baxer and Martyn, 1953; Fejer,
1953; H. Maeda, 1953; Chapinan, 1956; K, Maeda and S. Kato, 1966).
1.3 Equations of Motion

The ionosphere may be considered a multi-component pjasma con-
sisting of several different species of jons and electrons and neutral

particles. The macroscopic equations of motio.. for these particies may

be written

Q—?t‘ eeﬂ (e+VxB) N V‘ .\

-NY “V'I‘(VK-V“\ ey
R+ 4

(1-2)

}

QAP M T N ()
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where the k and j subscripts refer to positively and negatively charged
particles, and vice versa. The quantity e is the electronic charge and

is considered positive. The quanutity € is pesitive or negative depending
on whether the charge is positive or negative. The eiectric and magnetic
fields are represented by T and -l?, respectively. The parti :le velocity,
density, mass, and mass density are given by 'v', N, m, and @,
respectively, ¥ ki refers to the collision frequency for positively and
negatively charged particles. The subscripts e, i, and n refer to electrons,
ions, and neutral particles.

The terms involving temperature have been neglected. Thus the cold
plasma approximation is made and caly two modes will be obtaincd from the
disperson relation. The magnetosonic mode appears only when tar:perature
effects are included. The gravitationa! force 1s neglected and has no
effect in the micropulsaticn range, (For a fu:thet discussion of this

“latter peint sec, for example, Hultqvist [1966]% The icnosphere is con-
sidered to be a two component plasma so that &e = Ny.

Also, the neuiral particles may be considered to he stationary ac

least as long as the following condition is fulfilled:

¥ >
where
72 S (V) 1-3)
Ra e
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and () is the angular wave frequency of the disturbance. A plot of
the quantity :\7 vs, altitude is shown in Figure 1.1, From this figure ?
is seen to be significantly iarge only around the F layer maximum and even
in this region 'V is sufficiently small for the neutral particle motion
to be neglected for angular frequencies greater than 2.3 x 10—3 rad/sec.
1.4 Definition of the Average Ion

In general the equations of motion are coupled through collisions.
However, coupling of the equations of motion is found (see section 4.2 of
chapter 4) to be unimportant in determining the transmission properties of
a disturbance originating at 5000 km. and propagating to the Earth.
Therefore the equatic s of motion are assumed to be uncoupled, i.e., the
neutral particle velocity is set to zero and the term involving the difference
in the electron and ion velocities is replaced by the velocity of the
particle whose equation of motion is being considered,

Then the equation of motion for the jth ion species is given by

. 8Yi A 2 VXB)-n.m: ¥ V. (1-4)
namg a3t = oY 5*'\/4'"8) néma‘\)jva

where *\) j is the appropriate collision frequency for the jth positive ion
with all other particles, which we see from the original equation of motion

to be given by
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[ —

where '\)jn is the collision frequency of the jth positive ion with the nth
neutral particle, due to either resonance charge exchange or polarization.

Linearizing and summing all the transport equations for all the ion species;

—sznh a —e%n (E+V XB) Z“W\VA(\;&"' w:;n)

To simplify matters, we want to reduce to one equation of the form

—mNM -—eh) (c—:+\/xB) NM«JV.

t

The assumption is made that

N =V,
b

i.e., all the ion species are characterized by the same macroscopic drift

velocity. Then we obtain the result that

w,wm; \
M. = a—-ﬁ y N.=2n, (1-5)
! . L 3 é

¢

and the collision frequency is given by

_ [‘”‘a e +%5 ¥in) | 1-6)
‘ N;M;

<
i

T

<
4+
<
5
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where

= wowm.
0 = T "M
e N M;

and

. '\-V\ama
N.-Mm

n

= nm; (S %)
n 4N
LA
The quantities Ni and M1 represent the "average ion" mass and total ion
particle density. '\’L is the total averaged ion collision frequency

including collisions with electrons and neutral particles.

In the same fashion the linearlzed electron equation of motion

is given by

—vaN,m Y, = -eN (B +V,XB,) —Nm 2V,

&<
"

% '\’e“h +§_ '\’,_c-\ (1-7)

}‘Jen + V&;

i.e., ’\-‘e is the .otal electron collision frequency, '\"enk is the collision

frequency for electrons with the kth neutral species, and 4 ej - -N€ collision

frequency of electrons with the jth ion species.

We have assumed throughout this discussion that all the positive

ions are singly charged.
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2.0 COLLISIONS

2.1 Types of Collisions

Table 2.1 shows the types of collisions which are included in the

collisional terms of the equations of motion.

Resonance charge exchange

collisions, heretofore apparently not included in the equations for wave

propagation through the ionosphere, are found to be an important process

and expressions given by Banks [1966b] are utilized. For electron-ion

and ion-electron collisions the Fokker-Planck ecuation is used to give a

¢lightly improved collision frequency (see section 2,4) over previous

expressions,
Table 2.1
Colliding Neutral Particle Electron | Pos. Ion
Incident Center [ Charge Polarizati Empirical Fokker | Fokker
Particle Exchange olarization mpirica Planck | Planck
Electron X X
e
Positive Ion X X X

In general, electron-electron and ion-ion collisions may be ignored (see

discussion in section 2.4).

2.2 Electron-Neutral Collisions

The collision frequency in the friction term of the equations of

motion has long been a matter of controversy. In magnetoionic theory

[Appleton, 1932; Ratcliffe, 1959] the average number of collisions which

an electron makes per unit time is assumed independent of electron velocity.
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Experimental evidence indicates that the collision frequency is velocity
dependent and that this dependence varies with the type of plasma. Phelps
and Pack {1959] have shown that the electron collision frequency in
nitrogen gas is proportional to the square of the velocity. This experi-
mental evidence motivated Sen and Wyller [1960] to re-formulate the
Appleton-Hartree magnetoionic formulae taking into account the velocity
dependence of the electron-neutral collision frequency. They assumed the
neutral particle velocity distribution remained Maxwellian under the
influence of an alternating electric field and a steady magnetic field and
then expanded the electron velocity distribution (using the Chapman-
Enskog method) to first order, retaining the zero order isotropic part
and the first order anisotropic part. The collision integral on the right
hand side of the Boltzman equation was assumed to have the form given
by Chapman and Cowling [1958, p. 350] which contains the collision
frequency. Sen and Wyller then proceeded to develop the conductivity
tensor and indices of refraction in terms of C script integrals which have
been tabulated by Dingle, Arndt, and Roy [1957]. These integrals
allow one to take into account any functional form of the collision
frequency which can be expressed as a power series in the electron
velocity. Sen and Wyller fourd that their absorption factors could differ
by as much as 100 per cent from the results of the Appleton-Hartree
formulae.

The electron-neutral collision frequency expressions utilized in

the present work were adopted from the results of Banks [1966a). Banks

2-9
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made a study of elastic collisions between electron and neutral gases
characterized by separate Maxwellian velocity distributions and then
defined collision frequencies for electrons colliding with N3, 02' Q, H,
and He in terms of empirical momentum transfer cross sections, except for
the cross sectioens of O and H which were derived from theoretical cal-

culations of scattering phase shifts.

These collision frequencies given by Banks are as follows;

Table 2.2
Neutral gas Collision frequency Electron temperature range
-11 o o}
Ny N o= Nyy (1.44x107° ) T, 232k € Ty S 1160%K

¥ =Ny, (1.41x1071)

3

- -3 % Y o
X [1-(3.13x1073) Tg] TF 1160% € T, & 11,600
-10 -
0 ¥ =N_,(.37x10 ) [1+(2.86x10 z)flf]'r;k
o o
232K € T, § 11,600°
O 4 =N _[(2.1240.623) x 10719 T;k T, < 4000°K
H %= N, (.41x10") [1-6.0x10")) T T;k

150°Kk g T, € 5000%

He 4 =Ny [(3.48%0.373)x 10710 T;k Te & 58,000%K

-3
where the neutral particle densities are measured in cm

For collisions of electrons with argon the hard sphere model is

used an¢ the collision frequency is given by

] -1, .4
¥ =N, 0.37x10 ") T




In general theoretical methods do not seem to yield accurate values
for momentum transfer cross sections so that Banks relied as much as
possible on experimentally obtained values. His collision frequencies
have been incorporated into the equations of motion by utilizing equations
(1-7). Perhaps a more accurate method would have been to use the velocity
dependent momentum transfer cross sections given by Bank s in the equations
developed by Sen and Wyller [1960].

2.3 lIon-Neutral Collisions

2.31 Resonant Charge Exchange

Banks [1966b) found that resonant charge exchange between an
ion and its parent neutral molecule can significantly enhance the
magnitude of the momentum transfer cross section. An example of this
type of process is ot + 0o —» 0 + O+. T ere is a transfer of charge
between two particles but each approximately retains its original
kinetic energy. Therefore, even though the ion has changed its identity
the reaction is basically elastic. This reaction provides a means of
transforming energetic ions into energetic neutral particles. The

enhancemeant of the momentum transfer cross section is a consequence of
the conversion of a grazing collision into an apparently direct impact

resulting in significantly large backscattering, as illustrated in the

following diagram. 0*'

o
B S~y e
\ !
\ ]
) {
t‘, \\'* _’
or o
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The dotted lines indicate the apparent backscattering.
The resulting charge exchange collision frequency for momentum

transfer given by Banks is changed to the form

-10
2
¥.p. = 6.93x10 ) Ny @+ Tn)'l" [E+ D+ Ln (T + Ty]

i

where Nn' Mn' Tn' and T1 are the neutral particle density incm

o
neutral particle mass in kg, and neutral and ion temperatures in K,
respectively. The logarithm is to the base e and the coefficients D and

E are given in the table below.

Table 2.3
Mclecule D E
H 0.144 x 10 caax10
0 0.0824 -3.02
N 0.0796 -2.97
He 0.128 -3.32
o, 0.0936 -3.04
N, 0.118 -4.07

Charge exchange sianificantly enhances the total ion collision frequency
above 150 km (see Figure 2.1).
2.4 Fokker-Planck Collisions

A measure of the ratio of large angle to small angle coulomb

collisions is the quantity (see Schmidt {1966), p. 312):

S
Yo
b
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with

i

\ = é,KT]"
p L Ne*

where /\ D is the Debye shielding length and ‘Po is the impact parameter

for Coulomb collisions when

1 \%&%b‘
.p. = _* TE

S
-;'i-_Mu

M being the reduced mass and u the relative velocity between charged

particles a and b. For conditions existing in the ionosphere, R £ 1.

Thus the overwhelming majority of particle encounters in the ionospheric
plasma leads to small angle deflections. A Fokker-Planck treatment of
charged particle collisions is therefore most appropriate.

One might try to define the small angle collision frequency
as the reciprocal of Spitzer's "slowing-down" time or of Spitzer's
"deflection" time (Spitzer, 1962, p. 131). These reciprocal relaxation
times are plotted in Figure 2.2 and Figure 2.3. Some of the iono-
spheric parameters used in _the cealculation of the various coliision
frequencies are shown in Figure 2.4 where W . W, _Q_e, and .Q_-‘
are the electron and ion plasma freqrencies and the electron and fon
cyclotron frequencies, respectively, Spitzer's relaxation times are

seen to be highly dependent on the choice of the thermal velocity of

the test particle.
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A more appropriate approach io the determinatioﬁ‘ of the Fo.l:k‘er-
Planck collision frequency is as follows. The assunm:ption is made‘thrat
the electron and ion gases are both represented by velocity distribgtions
which are isotropically distributed in velocity space and are separated

-b
by a macroscopic relative velocity V. If the velocity distributions are

isotropic then when the second moment of the Fokker-Planck equation is
taken, only the friction term appears and the diffusion term vanishes.
Also electron-electron and ion-ion collisions do nct appear. The velocity

distribution for ions may be approximated by a delta function unless the

ion temperature becomes extremely high. Under these conditions the

frictional force per electron is found to be

= - _;‘ y:" 3x4 )
F..-ma\(vvelc (\.\.-—S— +-7-5 .......
where
\
X = ‘- KTe 1%
and N 34
w 2t (%Ayi—_ﬁ’l"ﬁ_—. N
Vu=—3(l+ﬁ§ e m> KT, 3

This expression for the electron~ion collison frequency is »ﬁ‘f

greater than the result given by Spitzer and Harm [1953], which is put
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intd_a more convenient form by Shkarofsky et. al. [1966], and the
expreszion given by Banks [1966a].
In general the quantity {<K1. The electron and ion macroscopic
- -

= — S
drift velocities are \1.‘ and V. , respectively, and \ = \le - \/i
t

Then conservation of momentum requires that

-, (V,_—VL\ N +m, ('\73_7.‘):\),‘&“.‘ -0

Under the assumption that

N =N
e i
it follows that
= Me
,v;e_ Mt &L

The various collision frequencies as a function of altitude are
shown in Figures 2.1 to 2.4. The Fokker-Planck correction becomes

important above 150 km. for electrons and above 1000 km, for ions.
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3.0 CONDUCTIVITY TENSOR

3.1 Conductivily Tensor Derived From the Uncoupled Equations of Motion
The uncoupled equations of motion for electrons and ions under the

influence of oscillating electric and magnetic fields are given by

Av - - — -
me,—ﬁ: =-e(E +V°XB°\ WMot Ve
M.%\-l"‘ = e(E £V 8, -m-\v&'\'fz

v

*

where TB; is the Earth's magnetic field and N‘L and 'V'_ are the ion and
electron collision frequencies defined by equations (1-6) and (1-7),
respectively. The conductivity tensor is now derived under the following

assumptions:

1. The equations of motion are linearized assuming the time

Wt

variation of all quantities is of the form e:"‘
2. The zero temperature approximation is made, i.e., the thermal
motions of the electrons and ions are ignored.
3. The various ions in the ionosphere are all represented by
an “average" singly charged ion.
4. Negative ions are ignored,
The equations of motion are solved for the electron and ion

velocities and then plugged into the relation for the current density

T =eN( V;"VJ




This result is then compared with the relation

- —

T=0E

to obtain the conductivity tensor O .

After some algebraic manipulation one obtains the result

G -% O]
? = O-H O—_L o]
i 0 o o

where O‘_L . o;‘ , and 0;. are the Pedersen, Hall, and parallel con-

ductivities, respectively, and are given by

!
o = ot Qe S
L B, L 4% .Q: A QG

q
"

eNg[ -d:e -— S{-;, ]
HTOBR L N ST

.

1 Bo ‘Pe‘ v\'
where
‘\3 = 43 ~{w
_Q3 = .S:B.!. 3¢

The magnetic field was assumed parallel to the 2z -axis in this derivation,
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3.2 Conductivity Tensor Derived From the Coupled Equations of Motion

The coupled equations of motion are given by

Vk _ — - — - N
m Tt = 6 (E +N xB,) MV Ve =W (V- A
k,é = el L k #. é’
Use is then made of the Appleton-Hartree quantities
g
[y
R
Q = Ege®
R

"

Xan

n (7%]

%R
a\'» = an*'ZKS
b §

2R
R w*

T = COLN
R W €

‘0
\Bk“‘= \"’\-an
U .= \+12
X R4
\3‘ = \i'bi}k

Also, the vector cross product of the velocity and magnetic field is put

in the form
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0 b, -ba
VRXbo- > X VR A Vk
bg "'b* ©

where g - %—

The equation of motion can then be written in the form

=‘.__; _ —_E: -—h . , .
SRNE RGN e
where

G, = -L\.\k'.[ —YkA

and 'I.is the unit tensor,

Writing tﬁe ion and electron equations separately 4
-
[ —— -y E -l
'V, = YV—=- + &
GV =V5 3N

— - =_ E =af =
VNG g v RS e «
U S S
c e Yg,'r,'». ""Eg.LYL G{ B, +%ti%,'ie ivc
- s I ) =. -
(Gc Ze 2»3G( ) Ve = (YGI + ae.lyi G\l)_%_
(&&-2;2,T) W = (VG +2,y, f).%l
M= G‘eG‘c—%FLe,I
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In like manner,

e BT e e vy
=R e E =.| E == -
GuV\ ""yt": +£ieYe e _‘I';-°+Ece.ael. e V;
(G;G T Zele )V -(YLGe+ ceye.I B,
It can be easily shown that
5§ -GG
Therefore
M= Gﬁc‘,,—z'c{. Zie.I
= 6,G,-2,2,T
Y _ 1 - é‘l
VC =T (Y cc.ye,I)—"g
v = g é
V, d (Y 2,, «I)"'B"
Then R
3

= ZNe (Vt. "'ve) 2
el T (vE - G ey D) E

From momentum conservation

=

e

and therefore

eB. [ ¥, Mol
a'ic.ye - 2¢{Y; =- | ==+ \M‘
LS

1]

Bk Zos

»
" -,
e e N




PP ——

Then

,_..s

= e)‘e'ﬁ-'(yiae-yea; ’ |. 6»I) B

Now

—
S

G G Y[ (H-L'i-‘ *HZen)I m
‘Ye(_"‘( FIE- Z;“)T 'm

= -L{y£(|+c W)LY 2

cet

Y (eiz,) -1Y,2, | T

=~ i -I. {Y‘ (I +‘I.ch) "Yg_(".'.‘ Ziu)
1 (Y 2e: 'Yezie\]
L J

Y2,

e ALYV NV, +izkhe, | T
Therefore
3 = el T LYy,
+ (?—Y.‘?::" ){'ZZ\]%
=t LY (VVew —YeVin ) E

and the conducuvity tensor from the ._.up/ed equations of motions is

T =-t % r (¥, \{"—YQV‘-R)




The dielectric tensor is then

e
e

= = ,0‘
K=T +1%e¢

°©

where

= ‘a_‘
g _ We
WE —Xer (Vin+'ﬁ;\; Ven)

°

The above expression for the conductivity tensor is not very amenable to
solving explicitly and is therefore solved implicitly with the computer.
3.3 Conductivity Profiles for a Model [onosphere

A model ionosphere for midlatitude and midday at sunspot minimum
is used to calculate the ionospheric conductivity profiles presented in the
following sections,

3.31 Parallel Conductivity

Tigure 3.1 shows that the Spitzer a~d Fokker-Planck formulas give
dittero s vasyles fop the real sart of the puralle!l conductivity O;r above
120 kr., The Foxker-Planck case ie reduced by a facter of.,r']f"‘ at the
higher altitudes. The dashed curves show that the parallel conductivity
is only slichtly affected in the range 300-600 km. by theinclusion of
charge exchange eoffects,

Figures 3.2 and 3.3 show the frequancy variation of the parallel
conductivity whoen the Fokker-Planck and Spitzer formulas are used,
respectively. Above 500 km. a;ris only slightly affected by varying the
frequency between 10'4 and 10% ¢'s. The real part of the parallel con-
ductivity is sianificantly decrrased above 300 km. by increasing the

o 1
frequency avove 10 cps., At 700 km., for a frequency of 10 c¢ps..
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O'/;‘r_ is approximately one order of magnitude smaller than O;r

o)
for frequencies less than 10 cps.
3.32 Hall Conductivity
Figure 3.4 shows that the real part of the Hall conductivity g

Hr
is siynificantly affected above 120 km. if the charge exchange processes

are included. The Spitzer and Fokker-Planck formulas give no significant
differences in the magnitude of the Hail conductivity. The frequency

dependence of 0;( is depicted in Figure 3.5. TFor frequencies between

10 and 101 cps., the real part of the Hall conductivity below 150 km. is

-4
unaffected by frequency variations. For frequencies between 10 and

0

10 cps. O;r is somewhat diminished for increasing frequency above 150 km,

Also, 0;\\“ actuvally becomes negative for the frequencies 100 and 101 cps.
at the altitudes 300 and 150 km., respectively. This transition is the ion

cyclotron resonance effect (n the presence of collisions and is given by

the condition

z.)?—
[ (-l-ii_f:—- with 4! << W
i "‘2-( 3

where Y;’ and EC are the usual Appleton-Hartree quantities.
The significance of the negative sign is that the ions move faster
than the electrons. This is due to the fact that wave energy is being

fed into the ion motion with the result that the ion gyroradius incr ~g
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and enables the ions to outrun the elecirons. Inspection of the imaginary
part of the Hall conductivity shows that it is larcar than the real part,
indicating that wave energy is being absorbed. The effect of ion collisions
is to reduce the efficiency with which the ion motion increases.

3.33 Pedersen Conductivity

Figure 3.6 shows that the real part of the Pedersen conductivity

Oy

Y is significantly affected above 120 km. by the inclusion of charge
exchange effects. Above 200 km. Olr is enhanced one order of magnitude
or more. This enhancement is due primau:ly to charge exchange of O+

with O, Although not shown here the same effect is also true for the
imaginary part of the Pedersen conductivity Gj.(. and this is very important
ir altering the index of refraction for a disturbance propagating through

the ionosphere at ULF frequencies (see section 4.2 of Part II and sections
4.11 and 4.31! of Part I).

Figure 3,7 shows that O,

ir

for frequencies less than 10O cps. Ata frequency of 101 cps. O.Ir is

is unaffected by frequency variations

enhanced slightly at all altitudes above 130 km.

3.34 Comparison of the Various Conductivities

The real parts of all the conductivity elements are shown together
for comparison in Figure 3.8, The Hall conductivity is larger than the
Pedersen conductivity up to about 130 km. The maximum in O'Jr occurs

around 120 km. A primary maximum in 01‘_ occurs at 130 km. due to charge

+
exchange of ()2 with O A secondary maximum in 01 occurs around 200
v

2

+
km. due to charge exchange of O with O. The parallel conductivity is
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much larger than the Hall and the Pedersen conductivities throughout the

entire ionosphere,

Figure 3.9 shows the dimensionless Hall _gifand Pedersen E-LE_
QEQ ‘\)Go
conductivities at the frequency 0.00333 cps. plotted on a linear scale vs.
altitude. The integrated Pedersen conductivity (i.e., the area under the
curve) for the F region is 1.5 times the integrated Hall conductivity for

the E regyion. This represents a much larger F region conductivity than

gi.-en by previous investigators.

(3%
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Figure 3.9




4.0 STIX'S QUANTITIES IN TERMS OF THE CONDUCTIVITY TENSOR
ELEMENTS

4,1 Derivation of P,R,L,D, and S in the Presence of Collisions

1f the uncoupled equations of motion are considered then the
quantity mkrepresenting the mass of the kth particle in the absence of
collisions may be replaced by my (1+izk) for the case when collisions
are included by means of the friction term. It is then straightforward

to show that P,R,L,S, and D are given by

R = % v+yl
L =1 .._L_
XV\“Y\\
P =1
W
Sa /2 R+1) Dwm }/2 R-1)
where
| SRS R w
1) .
= |42
2 "(.!5_ Vu V+i2y

'\‘ = plasma frequency of kth particle
.ﬂi = gyra {requency of kth particle
After some algebraic manipulation these quantities may be written

in terms of the conductivity tensor elements in the followi..g manner

G . O,
—— L ==
'+ @e T oe

1- 9. ;%%
AT +lwe‘

R

1}

L

1
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. Oy
P::]_-{»L___L

WE,

S=1+ L_g_-‘:..
o
D‘—‘--—-B—G
weo

Separating the real and imaginary parts

9

(5_"”-\-\,(511

S = Opp Y15

then

o]
i
'.._.
+
2
5'1
mf !
o
3
[ I—
*‘
1
Q
‘(':1
m+
° 19
=
[ I— |

_ Ciy + L0y,
WE,

In the absence of collisions

Chi = Oy = Gy =0




ST WY

then
R=1+ Omr=Oul
WE,
L =1 - OweCy
WE,
p=1 - S
we,

WE,

4.2 The Effect of the Coupled Equations of Motion on Stix's Quantities
In general, for frequencies above 3 x 10-3 c/s, none of the
conductivity tensor elements is significantly affected below 700 km,
Above abont 1000 km. the real part of the Pedersen conductivity and the
imaginary part of the Hall conductivity may be seriously affected by the
coupling of the equatinng of motion. Howev~r, thc imaginarv rart of the
Pedersen conductivity and the real part of the Hall conductivity are
more important than the previously mentioned quantities in determining
the propagation characteristics of a disturbance and are not seriously
affected by the coupling of the equations of motion. Therefore the
derivation of P,R,1.,S, and D from the uncoupled equations of motions

will be sufficient for frequencies of interest in this study.
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PART III

A MODEL IONOSPHERE
FOR MID~DAY AND MID-LATITUDE

DURING SUNSPOT MINIMUM
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ABSTRACT
A model ionospnere for daytime conditions at mid-latitudes during
the veriod of solar minimum has been constructed from existing experimental
data. The atmospheric parameters obtained from these data include electron
and ion densities, electron and ion temperatures, and electron collision

frequencies and cross sections for momentum transfer.
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1. lon Densities

Positive ion density measurements have been extensively made up to
1000 km, Few data are available for higher altitudes, For negative ion
densities, only a few rocket measurements have been performed, but existing
data seenm to indicate that negative ions may be importe 1t up to 70 km during
the daytime and up to 20 km during thenighttime [Sagalyn, 1965],

1.1 lon Densities in the F Region

Positive ion densities in the upper atmosphere during solar minimum have
been reported by Johnscn [1966], These results are presented in Fig. 1.

Johnson's model is based on two sets of data which were meas ured with
radio frequency ion mass spectrometers that determined the relative ion
compesition, The first data set is for the region 90-24C km and was measured
from an Aerobee 150 rockot launched from White Sands, New Mexico at 1634 UT
(0931 MST) on February 15, 1963, The second data set is {or the region
400 -1200 km and was mcecasurca from the Soviet satelhite Eloctron 2, The latter
was obtaied for the Lime interval 1400 - 1900 hours LT and for the latitudes
10 - 09 N during the period of February 10-16, 1964,

Notice should be made of the fact that Johnson derived the absolute
number densities for various tons from the relative ion comp. sition data by
neglecting negative ions and by assuming the electror. density was equal to the
total 1on density. To cobtain this normalization Johnson chose three differont
clectron densaty Jistributions: Tor 9G-130 kin the results reported vy Bovrdeauy
et, al, [1960) cbtained froma Nike-Apache rocket, NASA 14,117, flown from

Wallops Island, Va, at 1207 EST, Novembnr 22, 1964 wore utilized; the “White
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Sa~1s ionosonde data reported by Holmes et al, [1965] werc used for the 130-240
km region; the electron densities for the 240-1000 km region were obtained by

averaging the data from a rocket-borne dispersive Doppler radio propagation

experiment and data from Alouette sateilite, both data sets being obtained 500 km

cast of Wallops Island, Va, at 0923 EST {1423 UT) on July 2, 1963. Johnson
adopted electron densities for the 1000-1200 km altitudes by extrapolating the
lower altitude electron densities,

Johnson presented no data for the 240-400 km region, Tor these altitudes,
an interpolation was made hetween the high and !ow altitude portions of the
Nt and O curves, Accerding to Johnson, the maximum deviation required to
smoothly connect the three electron density distributions occurred at 240 km and
was less than 25%.

At altitudes above 1200 km only a few ion density measurements have been
made. Tavylor et, al. [1965] measured the 4" and He' densities from 1500 km
to 30,000 km with tie positive ion spectrometer on board the OGO-A satellite
during the period September 23 through December 10, 1964, The He™t densities
ware about 1% of the HY densities and thus ware too small to be shown in
Figure 1, This result implies that if we intend to match the data of Taylor et, al,
with Johnson's model, then the He* concent-:' on must decrease by two orders
of magnitude between 1200 and 1500 km, Values for the He+densities are given
in Table 1.

Also the total positive ion concentration N;' was measured by Hanson [1962]
with a retarding potential probe on Qctober 4, 1960 during mid-afternoor.. The
data are given in Fig. 1. Up to 2400 km these values are larger than those

given by Taylor et, al,
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All of the data measured at solar minimum seem to indicate that H\L is by
far the dominant ion above 1200 km and that the H+ concentraticn is fairly
constani between 1200 and 3000 km. Thus in order to make a cons:stent model
wc assume that HY is the dominant 1 above 1200 km and that the H* concen-
iration exactly equals the electron density. We therefore extrapoiate Johnson's
curves for the H+ and clectron densities so that they smoothly connect at
about 2080 km with the data given by Taylor et.al. This extrapolation is
shown in Figure 1 and values are given in Table §.

1.2 Ion Densities in the D and E Regions

The i1onic composition in the lower ionosphere is complicated by the presence
of many minor constituent ions, Fig. 2 shows these minor constituent ions to
be 3 or 4 orders of magnitude smaller than the major constituent ions.

In addition to the lower altitude values c¢rf Johnson's model, two sets of
positive ion density data are presented in Fig. 2. The first set is taken from
the resuits of Sagalyn and Smiddy, as reported by Narcissi [1966], obtained
with an electrostatic probe at 1200 hours CST, October 31, 1963 on the Nike Cajun
ACb.34] launched from Elgin, Florida. The second data set was obtained by
Smith et, al. [1967] with a positive ion Bennett-type mass spectrometer above
Wallops Is, at 1330 hours EST in May 1962, Their measurements cover the mass
range 7-43 amu.

Both sets of data appear to be in agreement with each other, except for the
vélues of the ion species 24+, the values of which yiven by Sagalyn and Smiddy
are about 3 times larger than those given by Smith et, al. We choose the

Sagalyn and Smiddy data because they were measured at a time closer to solar
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minimum. The values of 28" given by Smith et. al, are adopted for the
alti udes of 104~112 km. Then an interpolation is made betwcen these values i
and those measured by Sagalyn and Smiddy, whose results for 28% extend only up

to 82 km. The interpolated values are indicatced by the dashed line, We al=o

interpolate between Johnson's values of 28" and those of Smith ot. al. {
The curves for 327 and 30" glven by Smith et, al. are nearly parallei to the ‘
corresponding curves of Johnson's model, The 32% curve of Johnson is
extrapolated down to meet the 32% curve of Sagalyn and Smiddy. In the same
manner the 30" curve of Sagalyn and Smiddy is extrapolated to higher aititudes

to join with the 307 curve of Smith et al. The latter is then smoothly connectod

to the 307 curve of Johnson's model.

In order to provide a consistent model, we calculate the total neqgative ion
density by subtracting the total electron density (to be discussed in the next
section) from the total positive ion density obtained by summing all the densities
of the various positive ion species. These results may be compared witl the
negative ion density data reported by Sagalyn [1965] and are shown in Fig. 2. {
Her measurements were made using a two probe systen: on a Nike Cajun II ascont {
at 1200 hours LT on 11 March 1964, Our negative ion density values do not
agree with those of Sagalyn because our adopted altitude distributicns of

electron and positive ion densities are not the same as those reported by

Sagalyn, Taking our calculated values of negative ion densities and plotting
ot — in Fi
the ratio Nj /Ng =1 + Ni/Ne' we obtain the curve shown in Fig, 3, Comparison

of our calculated ratio and the corresponding ratio derived by Sagalyn [1965]
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from Nike Cajun II data shows that our calculated altitude distribution of N—i /Ne has
the same shape above b5 kin as that of Sagalyn, although the negative ion density
values are considerably difterent. Below 65 iim Sagalyn‘s—r_ati,o of I\Ti/Ne increases
with decreasing altitude whereas our calculated vélues of NVNe decreaseto zeroat
apout 52 kni,

From Fig. 2 we see that for the regi~n below 82 km ion:s heavier than 45 amu
are predominant, with 37‘+, 19+, and 307 being the next most abundant, Narcissi
[1966] has identified these ions as 18" (Hy0%), 19% (H3z0"), 28+ N or 5i7),

30 (No*), 32% (03) and 37% (HsOz"). The heavy ions =45 *, as suggested by
Narcisi [1966], may be higher hydrates of H3OJr and/cr other cluster ions.
Narcisi argues that such large quantities of hydrates are not expected from rockot
contamination. Also, exact identification of individual negative ion constituents
in the lower ionosphere has not yet been made.

At an aititude of about 82 km a transition takes place in thz ionic compositio:n,
The ions 19+ and 37 F decrease sharply while the ions 30" and 32* become
predominant, At about 170 km Ot becomes the dominant ion species. As shown
in Fig, 1, o transition occurs at approximately 1000 km where H* becomes the

dominant ion and remains as such at greater altitudes, Values of the adopted

ton densities for the D and E regions are found in Table 2,
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2, Electron Densities

2.1 Electron Densities in the T Region

Several different methods have been used to measure electron densities in
the F region. The results of some of these methods are presented in Fig. 4.

The measurements of Ulwick and Pfister {1963] were made with anr.f.
impedance probe on a rocket flight at 0100 hours EST on April 12, 1961, The
resuits of Nisbet et, al. [1966] were obtained from measurements of radio signals
propagated between sections of a Javelin rocket flown from Wallops Is,, Va. on
May 19, 1965 shortly after 1600 hours LT, The data of Oya and Obayashi [1967 a]
were obtained using the sweep frequency impedince probe technique on the
1-3H-2 rocket at 1535-1550 hours JST on July 23, 1966, Jackson and Bauer [1961]
used the Seddon CW propac tion technique on the NASA 8,10 rocket flown from J
Wallops Is,, Va. at 1502 EST on April 27, 1961. Ovya and Obayashi [1967 b]
made their measurem nts at 1725-1730 JST on October 20, 1966.

These data are rather spread but consistently indicate the presence of a

peak density in the neighborhocd of 240-320 km, Also obvious from Fig. 4 is
the variability exhibited Ly the values of the electron density above abcut 900 km,
liowever, we must remember th:at these data were measured during diiferent
ionospheric conditions,

Since no negative ions have reportedly been measurod ot these high
altitudes, we are consirained to choose cqual clectron and on density values
in order to preserve charge neutrality. We have already adopted an ion density
distribution for the T region (see Sec 1.1) and must therefore sclect the same

Jrrsity diswribution of electrons., This adopted distribution 1s shown in Fig. 4
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and comparison with the previously mentioned electron density data indicates

good agreement,

2.2 Electron Densities in the D and ERegions

Various techniques have also been used to measure clectron densities in
the lower 1onosphere. The resuits of some of these methods are shown inFiqg, 5,

Smith [1965a] obtained data with Langmuir probes during the ascent of a
rocket launched from Wallops Is,, Va. at 1430 hours EST on February 27, 1963,
The data of Sagalyn [1965] were measured with a two probe system used on the
Nike Cajun Il on March 11, 1964 at 1200 hours LT, The data given by Belrose
et. al. [1966] were obtained by the partial reflection method. Also, data
osbtained from Nike Cajun [ on Qctober 31, 1963 at 1200 howrs LT with spherical
clectrostatic analyzers are qiven by Sagalyn et. al. [preprint].

To obtain electron density and collision frequency measurements
simultaneously, Salah and Bowhill used a particular radio propagation techoiqur
by which the transmitting power and polanzation arc controlled by the rocket
receiver output via telemeter link, The experiment was performed with a rocket
f:red from Wallops Is., Va. on April 12, 1965 at 1214 EST. Usino the same
method Mechtly et, al. [1967] obtained data from an experiment performed on
Nike Apache 14,143 launched from Wallops Is., Va. on Apiil 16, 1964 at 2100 hours
UT.

We choose curve 1, the data obtained by Smith, for cur mode! atmosphere
because 1t seems to be quite representative of the various data given in Fig, 5.
The C,D, and E layers are cleariy seen in Smith's electron density distnibution,

Above 82 km curve 1 18 in good agreement with our adopted total positive ion

3-11




‘suoibas 3 puob g Y Ul APNLILID SA Ajisulp u0232913 G dinbi g

(¢-W3) ALISN3CQ WO¥1D373

sQl £0! Ol 20! s 2 0l
' J ﬁ Ll Bl ] T 1 { T Y om
— b
.\\t\\\: m
\\\\ —
N o2
A - 1
N b
B 404
¢ 9 5
=
- - u
g p=.
2 2 O
m
14 ﬁ\ G31VI0dVYLX3 ———— 106 =
(S961) NATVYOVS 3

| 10 49 ATLHD3IW
I IUHMO8 B HYIVS
3 10 13 NATIVOVS
(LRI REL
(G961} NATVYOVS

-y
3 HL1IWS OH

-~ NMTOOM

3-12




density curve, Below about 82 km Sinith's electron densitics are considerably
less than the positive ion densities., This is to be expected because ¢f the
presence of negative ions. The negative ion density is calcuiated by
subtracting Smith's electron density values below 82 km from the adepted
positive ion values, Then we extrapolate the positive ion density curve down
to 52 km at which altitude the electron concentration is assumed to be ~quai
to the positive ion concentration. For our model ionosphere we also assume
that the negative 10ns disappear above 82 km,

These adopted negative ion and electron density vaiues are listed in Takle 2.
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3. Electron and Ion Temperatures

3.1 Electron and Ion Temperatures in the F Region

Electron and ion temperatures in the F region have been measured by means
of ground based radar backscatter and various types of plasma probes aboard
rockets and satellites. A review of these methods and a comparison of the
results are given by Evans [196.2], Discrepancies do exist between the data
obtained by the various methods and some of these discrepancies have not yet
been resolved, As stated by Evans, rocket and satellite measurements have
greater accuracy and better tim: and hzight resolution than do radar measurementcs.
However, up to the present time, satellite data are not sufficient to provide the
altitude variations of the temperatures. Space vehicles disturb the medium
surrounding them. Extensive radar measuremznts have been made dwring the
solar minimum period and over a wide range of altitudes., For this reason we
choose the radar hackscatter results for our model,

lonospheric backscatter results for solar minimum are given by Evans
[1965a, 1965h, 1967a, 1967k]. These measurements were made at the Millstone
Hill radar observatory (42,6°N, 71.5°W). The results for 1963 and January 1964
[Evans, 1965b] are replotted in Fig. 6. These data were derived on the assumption
that only O ions are present at all heights above 200 km,

Later in 1964 Fvans [1967b] obtained other electron and ion temperature
data with different assumptions. The neutral temperature above 250 km was
determined from the radar signal spectra at the altitudes 230, 260, and 290 km.

The neutral temperature at altitudes below 250 km was then obtained by assuming
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the exponential dependence of T, on altitude implied by the 1965 CIRA models

! and U (sce equation (1}, Evans [1967b]), Then Evans was able to simultaneously
determine T, and the ratio of (0F) to (OE + NO*) ions for the altitudes 135-250 km,
The neutral gas temperatures thus determined are as much as 200 K® lower than

the values given by CIRA 1965 for the same solar flux (F) of 10.7 cm radiation
averaged over 5 solar rotations., Evan's neutral gas temperatures disagree with
satellite drag data by 9% [Evans, 1967b],

We choose Evan's data from 1963 and January 1964 for our model for the
foliowing reasons:

(1) The ion temperature determined by Evans [1965b] approximately equals
the neutral temperature given by CIRA 1965 models I and II (E =65 and 75 x 10"22
W/m2 c/s, respectively) up to about 300km. At greater altitudes T{ >Tpn  This
result is in fairly good agreement with theory [Banks, 1966; Dalgarno et, al.,
1967; Geisler and Bowhill, 1965 a, 1965b].

(2) A model for the ion composition has already been adopted, as divcussed
in sec., 1, and agrees with the assumption that O% is the dominant ion above 200 km.

(3) The neutral temperatures and corresponding densities given by the CIRA
1965 model 1 are adopted and there is no need to determine the neutral gas
temperatures from radar signal specira,

Evans concludes from the data of 1963 and January 1964 that the altitude
variations of Te do not indicate a strong seasonal dependence, The ion
temperature shows even less seasonal variation than the electron temperature.
Evans also points out that the temperatures are fairly stable throughout the

daytime, The ratio Te/Ti is greater than 1.0 throughout the F region and
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reaches a maximum value of 2.0 - Z,6 at an altitude of about 300 km soon after
dawn irrespective of the secson.

As seen in Fig. ES,Ti has a positive gradient at all altitudes. However there
remains some uncertainty in the gradient of T, above 500 km. Twelve different

profiles for Te are depicted, Nine of these indicate near-isothermal conditions p

above 300 km; three profiles have a definite positive temperature gradient,
Theoretical models [Banks, 1966a; Dalgarno et, al., 1967; Geisler and

Bowhill, 1965a, 1965b] predict that T, becomes isothermal at higher altitudes.

Evans [1967a] has developed a theory to explain the discrepancy between observed

positive gradients and Geisler and Bowhill's isothermal model, Evans concluaes

that this positive gradient and the high protonospheric temperatures may be

accounted for by the backward scattering of photoelectrons from the ionosphere. 4

This flux is estimated to be about 5 x 108 electrons/cmz/sec with mean initial

energies of 14 ev. However, the majority of the cases presented in Fig. 6

indicates that Tiis converging toward Te and thus does not warrant invoking

such a theory, The twelve profiles shown in Fig. 6 are averaged and the

resulting average is shown in Fig, 7. The values for these average electron 4

and ion temperatures are given in Table 4.

3.2 Electron and lon Temperatures in the D and E Regions

Fig 8 shows the measurements of electron and ion temperatures made by
several investigators for the D and E regions., The data reported by Brace
et, al. [1963] were measured with a dumbbell bipolar probe which was ejected
from the rocket vehicle NASA 6,04 flown from Wallops Is., Va, at 1556 hours
EST on March 26, 1961, Spencer et, al. [1965] report recults obtained with

a cylindrical Langmiur probe.
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The above data rindigate a high degree of variability 6f Te in the lower
regions of the ionosphere. Other data [Nagy et. al., 1963; Aonc et. al,, 1962;
Smith et, al, 1965b] not shown here also substantiate this variability of Te'
Also, the comparison of ascent and descent data (see Fig. 8) from individual
flights sometimes reveals large differences in Te within a time interval of several
minutes. This significantly large variation of T is not well understood and makes
the task of choosing "average" data difficult.

For the sake of consistency we prefer to choose the electron temperatures
at these lower altitudes by extrapolating the averaged Evan's data in Fig, 7
down to 120 km where we assume Tg = Ty of the CIRA 1965 model I atmosphere.
This assumption is in accord with theory [Dalgarno et, al., 1967; Geisler and

Bowhill, 1965 a, 1965b]. Values of T, and Ty, for this altitude range are tabulated

in Table 4,

3-20




—* P L

4, Experimental Electron Collision Frequencies and Cross Sections

4.1 Electron Collision Frequencies for Momentum Transfer

In Fig. 9 are reproduced the measured electron collision frequencies for
momentum transfer as determined by various investigators, The values given by
Benson [1964] were determined with cross modulation experiments at College,
Alaska on August 22, 1960, June 29, 1960, and November, 1961, These results
agree, within the probable error (+20%), with a formula Benson derived by adding
together the collision frequencies in Ny and O3 and using the pressure values
determined on a rocket flight in Tuly 1957, The values of Jesperson et, al, [1964]
were determined in August and December of 1962 from Nike-Cajun rockets
(Ferdinand I and II) which were launched from Norway during auroral absorption and
which measured the relative amplitude of signals transmitted from the ground and
the phase relationship between signals of different frequencies, A marked difference
was obtained for the measurements made during the two flights, viz., the highest
values were observed during summer, Jesperson et, al. were not sure if this
was a seasonal effect or only some variability in the collision frequency alues,

Belrose and Burke [1964] obtained collision frequency measurements in
1961 and 1962 at Ottawa, Canada from the recordings of the amplitudes of weak
echoes of the ordinary and extraordinary wave compenents reflected from
fonization irregularities, They utilized the Gardner and Pawsey method except
that the energy dependence of the collision cross section was employed in the
generalized magnetoionic formulas, Beclrose and Burke point out that the observed

variability in collision frequency data may not be due to a seasonal change but

rather a variation with solar activity,
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Hall and Fooks [1965] determined the effective electron collision frequency
Vets with a radio propagation experiment on board a Skylark rocket flown from
Woomera, Australia (31°S, 137°E, magnetic dip 63°) at 1351 hours LMT un
September 20, 1962, Hall and Fooks have taken into account Molmud's [1959]
correction for the energy dependence of the collision frequency, At 88 km the
collision frequency was calculated from the ratio of the amplitudes of the up-going
and reflected parts of the wave transmitted from a ground based transmitter, A
curve was then drawn through this point at 88 km and made proportional to air
pressure taken from CIRA 1961. Hall's and Fook's values of lisf must be
multiplied by 2/3 to give Vm il.e., the collision frequency for mono-energetic
electrons of energy KT, The values of Vm so determined are given in Fig. 9.

Other pertinent data not shown here are those of Salah and Bowhill ['966],
Kane [1962], and Landmark [1965]).

We choose the data of Hall and Fooks [1965] for our model ionosphere. These
values are given in Table 5.

4.2 Electron Cross Sections for Momentum Transfer with Neutral Gases

Inaccurate results yielded by theoretical studies of low encrgy clectron-
neutral collision cross sections have necessitated reliance upon experimental
measurements of these quanti*ies, Banks [196bt)] has madce a review of such
existing data and has chosen approximate cxpressions for these cross sections for
the energy range appropriate to ionospheric studies, Hi, trsults are reproduced
in Fig, 10, These results werc obtained by using an averaging techmque
described by Banks [1966D).

The largest cross. section 18 asscciated with H and that of N is the next

largest for temperatures greater than about 5009, The cross sections for He
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and O are essentially independent of temperature for the temperature range

of interest. Banks quotes the uncertainty in -S-en (the velocity averaged
electron-neutral cross section) for N, and Oy as being less than 20 por cent,
Estimates for the uncertainty in the cross sections for H and O are given by
Barks as +25 per cent and +30 per cent, respectively. The cross sections
for N,, C,. and He were based on experimental resulls whereas the values
for O and H were derived from theoretical calculations of scattering phase

shifts.
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5, Concluding Remarks

No attempt has been made in this report to suggest ionocspheric product;on
mechanisms nor to deal with irregularities in ionospheric structure, such as
sporadic E. We have also ignored the problem of seasona! \rariatidns. Certainly
there are seasonal variations in electron and ion densities and in the electron
and ion temperatures, There may also be some seasonal variations in the
electron collision frequency, although this eifect has not yet been resolved,
Such simplifying assumptions must be realized when using the data contained
herein for problems having a seasonal dependence,

We have attempted to synthesize existing data into a consistent model,
Where the experimental data are lacking we have relied on theoretical predictions,
I'or the electron and ion density profiles and the electron collision frequencies,
we have referrea primarily to the data, For the electron and ion temperatures
at altitudes above 1000 km and below 200 km we have been forced to emplc .
theoretical values, Also, the values for the electron cross secticns for
momentum transfer with atomic oxygen and atomic hydrogen were based on
theoretical results,

lon collision frequencies and cross sections, although important, have not

been dealt with in this report, These parameters are considered eisewhere

[Shaeffer and Inoue, 1968b].
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6, Tables, Model Iuonosphere Parameter Data

On the foliowing pages will be feund in table form the vaiues cof the various
model ionosphere parameters obtained from the aaopted curves discussed in the
previous sections, In addition, the values for the ne‘.i_tral gas densities and

neutral gas temperatures from CIRA 1265 Model | atmosphe;é are tabulated.
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94

v6

100
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cm=3
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1. 063
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6. 553
5,105
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1.370
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1,494

1.096

NO)
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TABLE 3.

NEUTRAL PARTICLE DENSITIES

N(He)

cm™

7.950E 13 8.500E 10 1,989E 09

5.559
3,888
2,721
1.906
1.332
9,188E 12
6. 146
4, 296
2,936
1.994
1,359
9.443E 11

8,930
9,500
1.015E 11
1.105
1,250
1.680
2.660
4. 100
4.800
5.000
4. 760

4,050

1,394
9,725E 08
G, 807
4,761
3,332
2,282
1,568
1,091
7.692E 07
5.492
4.421

4,138

NA) ALT

cm” Km
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1.274 108
1, 002 110

7.851E 13 112

6. 117 114
4,738 116
3,644 118
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2,122 130
1,602 140
1,207 150
&, 007E 12 160
6,671 170
4. 892 180
3,545 190
2,479 200
1.734 210
1,213 220

8,486F 11 230

5.939 240
4, 046 250
2.795 300
1,945 400
1.374

9,800E 10 500
6,823 600
4. 857 700

3-30

N(N2)
cm”
2,950
2,174
1,620
1.i64
8.606E 11
6.513
$. 057
4, 008
1. 455
6, 378E 10
3.140
1. 691
9, 757E 09
5.928
3,746
2, 440
1,627
1,106
7.627E 08
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7.273E 07

3.514E 06

1,979E 05
1,226E 04
8.257E 02

N(©2)
em-3

6,693
4,809
3.492
2.443
1.757
1.292
9, 744E
7.495
2,435
9. 700E
4,398

2,202
1,189
6.792E
4,051
2,498
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1,020
6, 700F
4,458
3.000
4.629E

1. 460F
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1. 048E
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NO)

em-3
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2,510
2,000
1.642
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9.672E 09
6.817
4,986
3.751
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1.786
1,431
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9.410E 08
3.610

6.320E 07

1,219
2.490E 06
5.331F 05

N(H,)
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2,934
2,731
2.554
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1. 565
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6. 429
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ALT
Km

52

54

56

58

60

62

64

66

68

70

72

74

76

78

80

82

84

86

88

92

94

96

98

100

102

104

265.5

259.9

254.4

248, 8

243.3

238.0

232,6

227.3

221.9

216.6

210, 5

204, 4

198.2

192.1

186.0

186.0

185.9

185.9

185.8

190, 9

195,9

200. 4

204, 4

208,1

215,7

224,6

Ti
%

265, 5
259,9
254, 4
248. 8
243.3
238,0
232,6
227.3
221, 9
216,6
210,5
204, 4
198,2
192,1
186.0
186.0
185.9
185.9
185.9
185.8
19,9

195,9

204.4
208,1
215.7

224.6

TABLE 4,
ELECTRON, ION, AND NEUTRAL GAS TEMPERATURES

Tn
%

265.5
259.9
254.4
248.8
243,3
238,0
232.6
227.3
221.9
216.6
210,5
204, 4
198,2
192.1
186.0
186, 0
185.9
185.9
185.9
185.8
190.9
195.9
200. 4
204. 4
208. t
215.7

224.6

ALT
Km

106
108
110
112
114
116
118
120
130
140
150
160
170
180
190
200
210
220
230
240
250
360
400
S00
600

700

3-31

233,4

242,3

251,1

271.9

292,7

313.1

334,0

355.0

445

540

630

720

810

900

1100

1310

1400

1520

1630

1730

1839

2178

2541

2665

2703

2704

233.4

242, 3

251.1

271.9

292,7

313.1

334,0

355.0

437

510

580

644

659

747

787

821

850

874

895

912

926

985

1121

L

233.4

242,3

251.1

271.9

292.7

313.1

334.0

355.0

437

510

580

644

699

747

787

821

850

874

895

ate

926

71

1006

1008

1008




TABLE 5.
ELECTRON COLLISION FREQUENCIES AND AVERAGE CROSS SECTIONS
FOR MOMENTUM TRANSFER

ALT (-S.cn)N-, (gcn)o;g ('gen)H ALT (Ecn)Nz (gcnb (gcn)“
Km  10°16cm2  10-t6cm2  10"15¢m2 Km 1016 cm2 10-16 cm2 10-15 ¢m?
52 4,30 3.40 5.30 106 4,05 3.30 5.35
54 4,25 3,35 5.30 108 4.10 3.30 5.35
56 4.20 3.35 5.35 110 4,20 3.35 5.35
S8 4,15 3.35 5.35 112 4.35 3.40 5.30
60 4,10 3.30 5.35 114 4,50 3.45 5.30
62 4,05 3,30 5.35 116 4,65 3.50 5.25
64 4,05 3.30 5.35 118 4, 80 3.50 5.25
66 4,00 3.30 5.35 8.0E 06 120 4.95 3.60 5.25
68 3,95 3,2 5,35 6,0E 06 130 5.55 3.80 S.15
70 3.90 3.25 5.35 4.6E 06 140 6.05 3,95 5.05
72 3.85 3.25 5.35 3.2E 06 150 6.50 4,15 5.00
74 3,75 3.25 5.40 2,3E 06 160 6.85 4.30 4.95
76 3.75 3.25 5.40 1,7E 06 170 7.20 4,45 4,85
78 3.65 3.20 5,40 1,2E 06 180 7.50 4,60 4,80
Su 3,60 3.20 5,40 8,6E 05 190 8.10 4,90 4.65
82 3,60 3,20 5.40 6.0E 05 200 8.60 5.20 4.55
84 3.60 3.20 5.40 4.3E 05 210 8,80 5.25 4.50
86 3,60 3,20 5.40 3.0E 05 220 9.00 5.40 4.40
88 3.60 3,20 5.40 2.0E 05 230 9.15 5.50 4.30
90 3,60 3,20 5.40 1.4E 05 240 9,30 5.60 4,25
92 3.65 3,20 5.40 1,0E 05 250 9,40 5.70 4.20
94 3.7 3,20 5.40 7.0E 04 300 9,60 5.90 3,95
96 3.75 3,25 5,40 S.0FE 04 400
98 3,75 3.25 5.40 3.7E 04 500

100 3.80 3.25 5.35 2,6E 04 600

102 3.90 3.25 5.35 2.0E 04 700

104 4,00 3.30 5.35 1. IE 04
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